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AHH0Tau;H5I 

IlpeflCTaBjieH o63op HeKOToptix HeflaBHo pa3pa6oTaHHBix MeTo^oB pacueTa MHoroKpaTHbix fliicb- 
cbepeHUHajiBHBix ceueHiift cboTOHOHH3arriiH a HOHH3au;HH ajieKTpoHHBiM yzrapoM aTOMOB a Maneicyji c 

flByMfl aKTHBHBIMH 3JieKTpOHaMH. MeTOflBI OCHOBaHBI Ha OpurHHajIBHBIX nOflXOflaX K BBIHHCJieHHK) 
TpeXHaCTHHHBIX KyjIOHOBCKHX BOJIHOBBIX d^yHKIIHH. PaCCMOTpeHBI BHeiUHHH KOMnjieKCHBlft CKeft- 

jiHHr h cpopMajiH3M ypaBHeHHH IIIpeflHHrepa c hctohhhkom b npaBoft uacTH. Ilpo/;eMOHCTpHpoBaHa 
scpcpeKTHBHOCTb BpeMeHHbix noflxoflOB k 3aflaHe pacceHHHH, TaKiix KaK napaKcnajibHoe npnGjiHJKe- 
Hiie h MeTOfl conyTCTByrom,Hx KoopniiHaT. CcpopMyjinpoBaH opnrHHajiBHBiH uncjieHHBiH MeTOfl, pa3- 
pa6oTaHHbili aBTopaMH fljia perneHira inecTHMepHoro ypaBHemra fflpe/riiHrepa fljifl aTOMa c flByMH 
aKTHBHbiMH sjieKTpoHaMH Ha ocHOBe npeo6pa30BaHHH HaHra-<DaHO h npeflCTaBjiemiH fliicKpeTHoli 
nepeMeHHoli. Ha ocHOBe HHCjieHHBix SKcnepHMeHTOB npoaHajiH3HpoBaHO noporoBoe noBe/reHire yrao- 
bbix pacnpeflejieHHH ,a,Byx3jieKTpoHHOH cpoTOHOHH3arriiH OTpnuaTejiBHoro HOHa BOflopofla h aTOMa 
rejiHH, a TaKJKe MHoroKpaTHBie flncbcpepeHiiHajiBHBie ceueHHH hohh3 aiiim ajieKTpoHHBiM yziapoM 
MOJieKyji BOflopofla h a30Ta. Iipo/reMOHCTpnpoBaHa HeKoppeKTHOCTB 3aKOHa BaHBe fljis yrjioBoro 
pacnpeflejieHHH /ibohhoh HOHFoarriiH flajKe npn oueHB MajiBix BHeprnax. 

A review of some recently developed methods of calculating multiple differential cross-sections 
of photoionization and electron impactionization of atoms and molecules having two active 
electrons is presented. The methods imply original approaches to calculating three-particle Coulomb 
wave functions. The external complex scaling method and the formalism of the Schrodinger 
equation with a source in the right-hand side are considered. Efficiency of the time-dependent 
approaches to the scattering problem, such as the paraxial approximation and the time-dependent 
scaling, is demonstrated. An original numerical method elaborated by the authors for solving 
the 6D Schroedinger equation for an atom with two active electrons, based on the Chang- 
Fano transformation and the discrete variable representation, is formulated. Basing on numerical 
simulations, the threshold behavior of angular distributions of two-electron photoionization of the 
negative hydrogen ion and helium atom, and multiple differential cross-sections of electron impact 
ionization of hydrogen and nitrogen molecules are analyzed. It is demonstrated that the Vanier law 
for the angular distribution of double ionisation is not correct even at very small energies. 

PACS numbers: 34.80.Gs, 33.80.Eh 
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I. BsefleHHe 

3HaHne bojihoboh cpyHKHHH cnjioniHoro cneKTpa Tpex 3apa>KeHHbix nacTHii; TpeGyeTca 
fljia pacneTa TaKHx BaacHbix npoueccoB b aTOMHofi h MOJieKyjiapHofl cpH3HKe, Kax hohh- 
3anH5i aTOMOB h Mojiexyji Me^jieHHtiM sjieKipoHOM, ^BoflHaa cpoTOHOHH3anH5i h t.^. Bee 
3th npoueccbi xapaKTepH3yioTCH ^nicpcpepeHHHajiBHBiM cenemieM, pacneT KOToporo h sb- 
jiHeTCH u,ejiBio Teopiin. nocKOJitKy KBaHTOBOMexaHiinecKaa sa^ana Tpex Teji, Tax yae xax 
h KjiaccHHecKaa, He HMeeT aHajiHTHnecKoro penieHHH, fljia pacneTOB npHxo/XHTCH jih6o hc- 
nojiB30BaTb npH6jiH>KeHHBie cpyHKHHH [1], KoppeKTHBie jihhib npn 6ojibhihx SHeprHHX HJIH 
BOBce aH3an;HBie, jih6o npHMeHHTB HHCjieHHBie mcto^bi IIpH hhcjichhom penieHHH 3a- 
flaHH Tpex Teji hmciotcji JXBe ocHOBHBie npoGjieMBi. Bo-nepBbix, sto BbicoKaa pa3MepHocTb 
3a^aHH: nocjie oT/i;ejieHH5i jjBHJKeHHH u,eHTpa Mace oHa onncbiBaeTca HiecTHMepHbiM ypaB- 
HeHHeM LQpe^HHrepa. Bo-BTopbix, sto HeoGxo/XHMocTb oGecnenHTb cpH3HHecKH KoppeKTHyio 
acHMnTOTHKy bojihoboh cpyHKHHH, HMeioinyio b jj,aHHOM cjiynae BecbMa cjiojkhbih bhjj; |3|. 
Ha cerojjHHHiHHH jj,eHb Gmjio npe^yioxceHo jj;ocTaTOHHo mhoto pa3JiHHHbix hhcjichhbix cxeM, 
Kaacflaa H3 kotopmx HMeeT cboh npeHMymecTBa h He jj^ocTaTKH . Hx o63opy h nocBHineHa Ha- 

CTOHH^aH pa6oTa. C CpH3HHeCKOH TOHKH 3peHHH Ha3HaHeHHe BKJHOHeHHblX B o630p MeTOflOB 

3aKjiioHaeTCH b oGecneneHHH KoppeKTHoro TeoperaHecKoro onncaHHH hobbix sKcnepHMeH- 
tob c HcnojiB30BaHHeM TexHHKH coBna jj^eHHH , no3BOji5HOHi;HX o/XHOBpeMeHHO perncTpHpoBaTB 
3HeprHH h HMnyjibCbi Bcex BBijieTaioiHHx cpparMeHTOB. no3TOMy paccMaTpHBaeMbie pacneT- 

HBie MeTO/XBI HJIJHOCTpHpyiOTCH npHMepaMH paCHeTOB MHOTOKpaTHBIX JJ,HCp(pepeHH,HajIBHBIX 
CeHeHHH CpOTO- H yjj;apHOH HOHH3aHHH aTOMOB H MOJieKyjI C JXByMH aKTHBHBIMH 3 JieKTDOHaMH . 

3HaHHTejiBHaa nacTB npejj,cTaBjieHHbix MeTOJj,OB pa3pa6oTaHa aBTopaMH o63opa 



12). 
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3KcnepHMeHTM no o^hokp&thoh h ,obohhoh HOHH3aiiHH 3jieKTpoHHbiM yuapoM c oflHOBpe- 
MeHHoft perHCTpaiiHeii pacceHHHoro sjieKTpoHa h sjieKTpoHOB, HcnymeHHbix b pe3yjiBTaTe 
HOHH3aiiHH, aBjiaioTca iiojihbimh b tom CMBicjie, hto b hhx H3MepaioTca SHeprnii h BeKTopBi 
HMnyjiBca Bcex BbijieTaioiHHX HacTHii,. Taxne SKcnepuMeHTBi npeflocTaBjiaioT yHHKajibHyio 
B03MOJKHOCTB npOBepKH pa3JIHHHbIX TeopeTHnecKHx Mo^ejieft h no^xo^oB. Hccjie^oBaHHe 
noBe^eHHa MHoroKpaTHoro ^HCpcpepeHHHajibHoro ceneHHe Taxnx npoiieccoB ,oaeT OTBeTbi Ha 
Bonpocbi, B03HHKaioiiiHe b pa3JiHHHBix oGjiacTHx 3HaHH2, Taxnx KaK acTpocpH3HKa, paflna- 
HHOHHoe noBpeJK^eHHe jkhboh ivraTepHH btophhhbimh sjieKTpoHaMH h cpH3HKa njiasMbi. 

HoHH3aiiHs H 2 , sBjiaroiiieroca: caMbiM pacnpocTpaHeHHbiM ra30M bo BcejieHHofi, ocoGeHHo 
HHTepecHa no psfly npnnnH. OHa peajiH3yeTca jierne, neM HOHH3aiiH5i aTOMHoro Bo^opo^a, 
pe3yjibTaTbi mojkho cpaBHHBaTb c rejineM, ^BofiHaa HOHH3aiiHa ^Hccon,naTHBHa n mojkct 
ncnojib30BaTbca KaK hctohhhk npoTOHOB. MojieKyjia BOflopofla HMeeT H30Tonbi, noBeflemie 
KOTopbix b noflo6Hbix 3KcnepnM6HTax ^aeT HHTepecHyio HHCpopMainno o KOjie6aTejibHbix 



scpcpeKTax 
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Ilocjie nnoHepcKHX pa6oT no Teopnn CTOJiKHOBeHnfi 3jieKTpoHOB c MOJieKyjiaMH 
n paHHHX SKcnepnMeHTOB no (e,2e) HOHHsaHHH H2 19M22| HHTepec k npo6jieMe hohh3 aniiH 
^ByxaTOMHbix cncTeM B03po^Hjica b noaneflmie ro^bi b CB33H c pa3pa6oTKon sKcnepnMeH- 
TajibHon t6xhhkh o^HOBpeMeHHOH perncTpauHH AparMeHTOB, o6pa3yroirrHxc5i npn HOHH3a- 



HHH ^ByxaTOMHblX MOJieKyjI SJieKTpOHaMH 
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24j hjih npoTOHaMH 25N30]. B Hacroinnee 



BpeM3 fljia ^ByxaTOMHbix MHHieHen HMeeTCH MHoro TeoperHHecKHX no^xo^OB ot npocTen 



meii jikhchhoh KOM6nHauHH aTOMHbix MaTpHH, nepexo^a 
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32] flo Gojiee cjiojkhbix Mo^ejiefi 



h MeTO^OB, HanpHMep, c onncaHHeM ,nByxiieHTpoBoro KyjioHOBCKoro KOHTHHyyMa Ha ocHOBe 



no^xo^a THna 



33] (pa6oTa 34j, |35| ) . 3t& Mo^ejib no3>Ke Gbijia Hcnojib30BaHa fljia nocTpoeHHa 



^ByxsjieKTpoHHbix ^Byxn;eHTpoBbix KoppejiHpoBaHHbix npoH3Be,aeHHH [36 1 npn nccjieflOBa- 
hhh ,obohhoh cpoTOHOHH3aiiHH (7,2e) MOJieKyjibi H 2 , a TaKace b pa6oTe |37j | fljis npocToro 
nponecca (e,2e). IlapajiJiejibHo c yKa3aHHbiMH ^ByxueHTpoBbiMH no^xo^aMH Hcnojib3yioTC5i 
o^HOH,eHTpoBbie Mo^ejiH, TpeGyroniHe Gojibmoro nncjia 6a3HCHbix (pyHKiiHft. TaKHe MOflejm 
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39], a TaKJKe npn 



Hcnojib30BajiHCb npn nonbiTKax yneTa scpcpeKTOB BToporo nopa^Ka 
npHMeHeHHa cxoflamerocs MeTOfla chjibhoh cbh3h KaHajioB (CCC) k ^bohhoh cpotohohh- 



3^ H 2 M. C„ n ynoMHHyx, xa K1 Ke Mexo, _ iH HX bo™ c 
cenapaGejibHocTH ypaBHeHHa IIIpe^HHrepa b BbiTaHyTbix ccpepon^ajibHbix KoopflimaTax |9| . 
He^aBHo 6bijih BbinojiHeHbi pacneTbi ab initio ,zibohhoh cpoTOHOHH3aiiHH MOJieKyjiapHoro 
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Bo^opo^a 



41 



43] . IIoMHMO CBOefi OHeBHflHOH 3(p(p6KTHBHOCTH, npHMeHHeMblH B 3THX pa6o- 



Tax no^xofl ^aeT yzjaiHyio bo3mc»khoctb a^eKBaTHoro onHcaHHH coctohhhh HenpepBiBHoro 
cneKTpa ppyx Me^jieHHBix BbijieTaioiHHx sjieicrpoHOB, KOTopoe npe^cTaBjiaeT oflHy H3 ochob- 
hbix Tpy^HocTefl b sa^anax ^bohhoh hohh3 auHH . O^hoh H3 3a,naH, paccMaTpuBaeMBix b Ha- 
CTOHin;eM o63ope, HBjiHeTCH pacnpocTpaHefflie yKa3aHHoro noflxofla Ha flBoftHyio hohh3 aHHio 

3JieKTpOHHBIM yflapOM C HCIIOJIb30BaHHeM BblTHHyTOH CCpepOH^ajIBHOH CHCTeMBI KOOp^HHaT, 

oGjia^aiomeii ecTecTBeHHoft cHMMeTpneH ^ByxaTOMHBix cncTeM h nosBOJiHiomeH pa3,nejiHTb 
nepeMemibie b ^Byxn;eHTpoBOM o^HosjieKTpoHHOM ypaBHeHHH IIIpe^HHrepa. 

JX&jiee b TexcTe o63opa, eanH He oroBopeHo o6paTHoe, npn 3anncH cpopMyn Hcnojib3yioTca 
aTOMHBie e^HHHi^Bi, b KOTopbix 3apa,n; h Macca sjieKTpoHa, a TaioKe nocTOHHHaa IIjiaHKa 
paBHbi e^HHHH,e, e = m e — h — 1. 



II. CBe,n,eHHe 3aflanH pacceaHHH k BpeMeHHOMy ypaBHeHHio UIpe^HHrepa c noMombio 
npH6jiH»ceHH5i napaKCHajitHOH oiithkh 



B TeopHH pacnpocTpaHeHHa cbctobbix nyiKOB xoponio H3BecTHo Tax Ha3biBaeMoe ypaB- 
HeHHe napaKCHajibHoii ohthkh, KOTopoe BbiTexaeT H3 BOjiHOBoro ypaBHeHHH npn ycjiOBHH 
Me^JieHHOCTH npo^ojiBHoro H3MeHeHHH orH6aK>meH nynxa. IIo BH^y ypaBHeHHe napaKcnajib- 
Hoii onTHKH coBnaflaeT c BpeMeHHbiM ypaBHeHHeM IIIpe^HHrepa, ho pojit BpeMeHH b HeM 



nrpaeT npo^ojiBHaa Koop^HHaTa. B paGoTe |8 



aHajiorHHHBiH noflxofl Gbiji npe^jioaceH fljisi 



3a^,aHH pacceaHHa GbicTpbix (hcpcjijithbhctkhx) sjieKTpoHOB Ha aTOMax h MOJiexyjiax. B 
)a6oTe |7| stot noflxofl BnepBBie npHM6H6H k ^ByxxpaTHofl yzjapHOH HOHH3aHHH, a b pa6oTe 



lOfl BnepBBie peajiH30BaH 6e3 ^onojiHHTejiBHbix npnGjiHaceHnfl. 



CTaHHOHapHoe ypaBHeHHe LQpe^HHrepa, onHCbiBaromee Hacnmy c Maccofi /i, 3apH,noM q h 
HanajiBHbiM HMnyjitcoM ki, HajieTaKtmyio Ha MHHieHb (aTOM hjih MOJiexyjiy), nepBOHanajibHo 

HaXOflHIHyiOCH B CTaHHOHapHOM COCTOHHHH C SHeprHefi €{, HMeeT BHfl 



■—Vl + H^ + V^ro) 



k 2 

^- + e 4 ) $(r ,ri), 



(1) 



r^e ro — pa^nyc-BeKTop HajieTaiomeH Haertmbi, ri — pa^nyc-BeKTop sjieicrpoHa mkhichh 
(fljia npocTOTbi nojiaraeM, hto b mhihchh HMeeTCH Bcero o^hh aKTHBHbin sjieKTpoH), H - 

3(p(peKTHBHbIH raMHJIbTOHHaH MHHI6HH, a V — SCpCpeKTHBHblH HOTeHHIiajI B3aHMO^eHCTBHH 

HajieTaiomeH nacTHnbi c MHHieHbio. IIpH ro — > oo BojmoBas: (pyHKHHH ,n,ojDKHa HMeTb acHMn- 
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TOTHHecKHH bh^ b BH,ne cyMMti na,ziaioiiieH njiocKoft bojihbi h pacxo,zi5niiHxcH ccpepHnecKHx 

BOJIH 

exp (ik n r ) 



$(r , ri) = ipi(ri_) exp (ikiZ ) + 2J /n(k n )<Ai(iX 



r 



(2) 



r^e <^i(ri) — HanajiBHoe coctohhhc MHineHH, v ? n( r i) — B03MO>KHBie KOHeiHBie coctohhhh 
MHineHH c sHeprnefl e n , n — Ha6op KBaHTOBBix HHceji, o,n,H03HaHHo onpenejiHioiiiHx cocto- 
HHiie MHineHH, / n (k n ) — aMnjiHTyna pacceaHHa 6BicTporo sjiercrpoHa, ecjrn MHineHB nocjie 
pacceaHHH oxasajiacB b coctohhhh n. 

Ilpe^CTaBHM BOJIHOByiO CpyHKUHIO B BHfle 



$(r Q , n) = * (r_L, z Q , ri) exp (ikiZ ) 



(3) 



rjj;e rj_ = {Xo,yo) — /XByxKOMnoHeHTHBiii BeKTop, cocTaBjieHHBifl H3 KoopniraaT ro, nepneH- 
^HKyjiapHBix kj, a \& (rj_, z 0) ri) — orn6aioinaH. Tor/ia ypaBHeHHe ([I]) npHMeT bh/j, 

.hd^iv^z^) 1 9 2 *(r ± ,^ ,ra) 



<9z 



+ 



2(JL 



dzl 



■— Vl + ^rO+y^ro)-^ 



* (r±,3b,ri) • 



(4) 



Ecjih ^ > 1, to nepBoe cjiaraeMoe b jieBoft nacTH 3Toro ypaBHeHHH 6yneT MHoro 6ojiBine 
BToporo h, cjie^oBaTejiBHo, BTopofl npoH3Bo^,Hofi ot \I/ (r_i_, zq, ri) no mojkho npeHeGpe^B. 
3to h HBjineTCH napaKcnajiBHBiM npn6 jiHJKeHneM . Ecjih bbccth napaivreTp t = z^fi/ki h c/re- 
jiaTB 3aMeHy \&(ri,rj_, i) = ^ (rj_, k{t/fi, ri) exp(iejt), mbi nojiynHM naraMepHoe BpeMeHHoe 
ypaBHeHHe HIpejjHHrepa 



dt 



1 



-Vi + H( ri ) + V [ ri ,r ± ,-t 

ZjjL \ jJL 



^(ri,r ± ,t). 



(5) 



BcjiencTBHe (j2J), HanajiBHoe ycjioBHe jj,jih ypaBHeHHH fl5]) HMeeT bhjj, 



*(ri,r_L,t ) = ^i(r 1 )exp(-ieit ), 



(6) 



npn to — >■ — oo. 

OTjiHHHe napaKcnajiBHoro npnGjiHJKeHHH ot hihpoko H3BecTHoro sftKOHajiBHoro npnGjiH- 
>KeHHH coctoht b tom, hto BTopBie npoH3BonHBie no nonepenHBiM KOOp^HHaTaM 6BicTpoii 
nacTHHBi He cnHTaioTca: npeHe6pe>KHMo MajiBiMH. 



7 



A. H3BJieHeHHe aMnjiHTyflbi pacceaHHH H3 omSaiomeH 



Ilocjie nojiyneHHs bojihoboh cpyHKHHH \I/(rx, rj_, t) Heo6xo,n,HMo H3Bjienb H3 Hee HHcpop- 
Mannio o Ha6jnoflaeMHX BejinnnHax, to ecTb aMnjinTyziBi pacceamis. Bbhiojihhm npeo6pa- 
30BaHiie Oypte no nonepenHBiM Koop^HHaTaM pacceaHHofi nacTHHBi 

1 k '± f 

^ k± (ri,t) = / exp{-ik ± r ± )^{r 1 ,T ± ,t)dT ± . (7) 

Bo3bMeM npoeKirnio ipk ± (ri,t) Ha HeKOTopoe cocTOHHne MnuieHH <p n (ri) 

c n (k_L,t) = y (p* n {r{) exp(ze n t)^ k± (ri,t) (8) 
h BbinojiHHM oGpaTHoe npeo6pa30BaHHe Oypbe 

^n(r±,t) = y exp hkiri - c n (k_L, t)dk±. (9) 

Ilpn 6ojibuihx £ h rj_ no^BiHTerpajiBHoe Bbipa>KeHHe 6bictpo ocunjijinpyeT npn Bcex k^, 3a 
HCKjuoieHiieM 3HaneHHH b6jih3h CTannoHapHOH tohkh kj_ , r,ne no onpe^ejieHHio ero cpa3a 
He HMeeT jiHHenHon 3aBHCHMOCTH ot k 1 



9 Vr,-^ ( 



to ecTb kj_o = ^r±/t = /ivj_. IIosTOMy 



= 0, (10) 

kj_=k xo 



*n(r±,t) ~ ^c rt (k_Lo,t) y exp ^'k^ - ij^tj rfk -L = ^c n (k_L , t) exp (^T^f*) ■ ( n ) 

H3 cpaBHeHHH c ypaBHeHHHMH 02]) h (jSJ) oneBH^HO, hto ecjin n ^ i, t. e. ecjin cocTOHHne 
MnnieHH He coBna^aeT c HanajiBHbiM, ^ojijkho 6bitb 

W n (ri,t -> 00) = Jn(k„) . (12) 

?"0 



riocKOJiBKy r /t = fcj-y/l + {r ± /z ) 2 /fi = k iy /l + {k ±0 /ki) 2 / /x = ki/fi + fcj_ /2/xfcj + O(& 2 ), 
a k n = yjkf — 2/iAe = fc, — /lAe/ki + 0[(Ae) 2 ] (3,aecB mbi bbcjih Ae = e n — 6j — H3MeHeHne 
SHeprnn MnnieHn), <pa3a BBipaJKeHna (112p 

A; 2 

/c n r - fc^o + (en - (*)* = [fc„r /t - fc?//x + Ae]t ~ -^t. (13) 



TaKHM o6pa30M, f lTTj) coBna^aeT c (1121) . ecjin nojioacnTb 



f n (K) = -iy k i + k 2 ± c n (k ± , t -» 00). (14) 
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OneBHijHo, hto 3flecb h± — nonepeHHbie KOMnoHeHTBi HMnyjiBca paccesmioH HacTHHM k n 
h k± = k n sm9 s , r^e 9 S — yroji pacceHHHH. Taioice mojkho 3aMeTHTt>, hto kj_ = — Kj_, 
K = k n — kj — nepe^aHHbiii mhlii6hh HMnyjibc. 

OTHoineHHe hjichob, kotopbimh mm npeHeGperjiH b ( lT5j) . k rjiaBHOMy Hjieny b cpa3e bojihbi 
kiZQ ^aeT oueHKy tohhocth napaKcnajiBHoro npiiGjiiDKeHna h, cootb6tctb6hho, ycjioBHe ero 

npHM6HHMOCTH 

(Ae + E ± f 

8Ef <<C h (15) 
r^e E± = K]_/2fi — SHeprna nonepeHHoro ^BHJKeHHH pacceHHHoro sjieKrpoHa, Ei — SHeprna 
HajieTaiomero sjieKrpoHa. 



B. IlapaKCHajitHoe npn6jiH»ceHHe c nepBMM 6ophobckhm npn6jiH»ceHHeM 



B HaniHx pa6oTax 



Bis 



8j npefljioaceH MeTo/o; PA IB, ocHOBaHHBifi Ha KOMGnHauHH napax- 
ciiajiBHoro npn6jTmKeHii5i (PA) c nepBBiM 6ophobckhm npH6jiH)KeHHeM (IB). MeTO/j; PA1B 
ocHOBaH Ha Henocpe^cTBeHHOM BBiHHCJieHHH (pypBe-o6pa3a ^k^ri, t), onpe^ejiaeMoro BBipa- 
aceHHeM ([7]), nyTeM penieHHH npnGjinaceHHoro ypaBHeHHH rjik Hero. IlpeHMyiixecTBOM PA IB 
HBjiaeTCH to, hto oh Tpe6yeT HHCJieHHoro perneHHH ypaBHeHHH c hhcjiom pa3MepHOCTeft, paB- 
hbim HHCJiy GTeneHefl cboGojxm mhhighh, b to BpeMH kbk tohhbih PA npHBo/XHT k ypaBHeHHio 

C HHCJIOM pa3MepHOCTefi, 60JIBLUHM Ha /XBa. 

OypBe-o6pa3 ipk ± (ri,t) yflOBjieTBopneT ypaBHeHHio 

1,2 _ U2 

r\j I rv I 



i — = if(r 1 )V>k L (ri,t)+ / exp 



2/i 



-t 



Vk ± -u x (T 1 ,t)ifa t t ± (ri, t)dk' ± , (16) 



r^e 



^(ri,t) = ^2 J exp(-ik J .r ± )y^r 1 ,rj.,^tj £ 2r ± . (17) 

Ilpe^nojiojKHM, hto aMnjiHTy^a pacceHHHoft bojihbi ropa3^o MeHBHie, neM na^aioiHeH. Tor,n;a 
b HHTerpajie b npaBofi: nacTH mojkho hojiojkhtb 

VvJ^t) ~ 2 7 r5(k , ± )^(r 1 ) exp(-ieit). (18) 

Taxoe npn6jiH>KeHHe SKBHBajieHTHO npHMeHeHHio nepBoro 6opHOBCKoro npH6jiH>KeHHH. B 
pe3yjiBTaTe ypaBHeHHe f lT6|) npeBpamaeTCH b Heo/XHopo,HHoe BpeMeHHoe ypaBHeHne 

» ^ r,t) = ^(r)^ ± (r,t) + F k± (r,t), (19) 
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c HanajibHMM ycjioBneM -^k ± (r, — oo) = 0. HjieH-HcroHHHK b stom ypaBHemm HMeeT bh^ 



F k± (r, t) = 2tc exp 



k\ 
2fi 



€i I t 



V k± (T,t)<pi(r) 



(20) 



B KanecTBe npHMepa npiiMeH6Hii5i PA1B paccMOTpiiM noTeHnnaji B3aHMo,zreHCTBHH na- 
CTHHbi c 3apaflOM q c Bo^opo^;ono^o6HbiM hohom c 3apa^;oM H,zrpa Z 

Zq 



V(r h r ) 



+ 



q 



(21) 



|ri-r | 

<J>ypbe-o6pa3 KyjioHOBCKoro noTeHHHajia no nonepeHHbiM Koop^HHaTaM mojkho nojiyHHTb H3 
H3BecTHofl (popMyjiBi fljia KyjioHOBCKoro noTeHHHajia b HMnynbCHOM npe^CTaBjieHHH 

47T 



J exp(-ikr)~dr = ^ 
nyTeM o6paTHoro npeo6pa30BaHHH Oypbe 



kl + B 



(22) 



J exp(-zkr_ L )^<ir_ L = ^- J exp(ik z z) — ^ 1 2 = ^ exp(-fcj.|^|). 



(23) 



^jia noTeHHHajia (}2~Tj) sto ^aeT 



Vkj.(ri,*) = [exp(-fcj.|fcit/A* - z i\ ~ ^± r i±) ~ z exp(-k±\kit/ . (24) 

ATI r£ 



B pe3yjibTaTe HjieH-HcroHHHK (120]) npuHUMaeT bh,h, 



(25) 



IIoCKOJIBKy OH 3KCnOHeHHHajIbHO CTpeMHTCH K HyjIK) npH |t| — >■ OO, MffiKHO nOJIOJKHTb 

■0kj.( r >^o) = 0; r <A e < 0, |to| ^ fJ'/(k±ki) h Becra cneT flot > n/(k±ki). 



C. IIpeflCTaBJieHHe aMnjiHTyflbi HOHH3au,HH MeTOflOM <X>ypbe-pa3JiojKeHHH no Bpe- 

MeHH 

AMnjiHTy,n;a hohh3 auHH MoaceT 6biTb BbipaxceHa H3 ^^(r, t), nojiyneHHOH c noMombio 
([7]), KaK npoeKHHH Ha cocroHHHe KOHTHHyyMa MHHieHH 

f(n a ,E e ,n e ) = -ih lim(k e |^ k± (r,t))e^ t . (26) 

t— >oo 

3^;ecb k e — HMnyjibc HcnymeHHoro 3JieKTpoHa, E e = k^/2 — ero sHeprnsi, |k e ) = ( r ) ~ 

BOJIHOBaH CpyHKHHH KOHTHHyyMa MHHieHH. 
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Ho mm Hcnojib30BajiH fljia BBiHHcneHHH aMiuiHTy^M hohh3 auiiH MeTOfl, npe^;jio>KeHHL»iH 



b pa6oTe 



44j . KOTopbitt He TpeGyeT 3HaHHH tohhoh bojihoboh cpyHKHHH MHHiemi. 3tot nofl- 



xofl ocHOBaH Ha OypBe-pa3Jio>KeHHH no BpeMeHH noTOKa BepoaTHOCTH CKB03b HexoTopyio 
3aMKHyTyio noBepxHOCTb 



./ 



-iki I dt d> n s dS ■ j ^(r, t), XiJ*{ T )e 

'to JS 



iE e t 



3^eCb BeKTOp nOTOKa BepOHTHOCTH, BBe^eHHBIH B 



(27) 



(28) 



T — BpeMH, j\o KOToporo cHMyjinpoBajiacB sbojhohhh, S — 3aMKHyTasi noBepxHOCTb, oxpy- 
jKaiomaH cHCTeMy (oGbiHHo ccpepa pa^niyca r$), n$ — HopMajiBHbm BeKTop noBepxHocTH, 
Xk^( r ) — (pyHKi^Hs , cTpeMHmaacH k (p^\v) npn r — > 00. B pa6oTe [lOj b KanecTBe xi_,\ r ) 

HCnOJIb30BajIHCb KBa3HKJiaCCHHeCKHe (pyHKHHH, KOTOptie OTJIHHaiOTCH OT TOHHBIX Ify, \r) Ha 

0(l/r 2 ). 

O^Haxo npn HcnojiB30BaHHH ^aHHoro MeTOfla B03HHKaeT cepBe3Haa npo6jieMa: BOjiHOBaa 
(pyHKn;H5i ip-K ± (r,t) o6bihho He o6pamaeTCH b HyjiB Ha S ^aace npn oneHb Gojibihom T. 3to 
cjieflCTBHe Toro, hto b if)j^ ± (r,t) bhocht 3aMeTHBifl BKjiafl BBicoKOB036y>K,neHHBie cBH3aHHBie 
COCT02HH3 MHHieHH h Me^jieHHBie Hcnym;eHHBie sjieKTpoHBi. Bcjie^cTBHe 3Toro, yp. ( |27|) ,n,a- 
eT pe3yjiBTaT, chjibho ocuHjijinpyioiuHH c H3MeHeHneM T. Mm npeo^ojiejin 3tot apTecpaKT, 
npe^nojio>KHB, hto 



iP k± {r s ,t > T) ~ ^ k± (r 5 ,T) e W [-iE eff {r s ,T){t - T)}, 



(29) 



r,n;e E e ff — HexoTopaa KOMnjieKCHaa scptpeKTHBHasi BHeprna. B pe3yjibTaTe HHTerpaji b o6jia- 
cth t G (T, 00) Mo>KeT 6bitb BBiHHCJieH aHajiHTHHecKH. Tor^a BBipa>KeHHe f )27|) npeBpamaeTcs 

B 



B pa6oTe 



e iE ^ k± (r,t)dt-- 

" H-^e - &eff 



e iEeT 

^k ± (r,t),xt } *(r) 



10] scpcpeKTHBHaa SHeprnsi BBiHHCJiajiacB c noMomtio BBipaJKeHHa 
^eff[r s , 1 ) 



dS. (30) 



(31) 



^k x (r 5 ,t) 

YcjioBHe npHMeHHMocTH 3Toro npnGjiHJKeHHH HMeeT bh^ | dE e f / / dT \ /E 2 <C 1 . Ltpn T — > 
00 oho nepexo^HT b [U(rs)/E e ] 2 ~ l/ r | *C 1, ^ TO no no P a A K y cxo^hmocth coBna^aeT c 

TOHHOCTBK) KBa3HKjmCCHHeCKOH Xk 
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JXjik nojiyneHHa ^ocTaTOHHo tohhbix pe3yjiBTaTOB c noMombio 3Toro MeTo,n;a Heo6xo^HMo 
BbinojiHHTb sbojhohhio Ha GojibinoM npoMexcyTKe BpeMeHH T, mhoto GojitineM, neM xapax- 
TepHoe BpeMa B3aHMo^eiicTBH5i c HajieTaiomHM 3JieKTpoHOM (KOTopoe mojkho ohchhtb kbr 
n/(k±ki), Kax noKa3aHo b npeflBmymeM pa3^ejie). HeT HHKaKoro cMBicjia bbiiiojihhtb 3a- 
TpaTHoe pein eHHe nHTHMepHoro ypaBHeHHH ([5]) Ha BC6M npoMe>KyTKe BpeMeHH T. IIosTOMy 
b pa6oTe |10| penieHHe fl5]) bbihojihhjiocb tojibko flo Tpa 3> n/{k±ki), nocjie nero H3 nsTHMep- 
hoh cpyHKH,HH (ji, r±,Tp&) c noMoiHBio (J7|) H3BjieKajiocB TpKj_ (r, Tpa) A- 113 HHTepecyiomero 
yrjia pacceamiH. 3aTeM -?/>K ± (r, Tpa) HcnojiB30BajiocB b KanecTBe HanajibHoro ycjioBHH fljis 
TpexMepHoro BpeMeHHoro ypaBHeHHH (TT9j) . KOTopoe peniajiocb yxce pp t = T. 



D. IIpH6jiH»ceHHe oflHoro aKTHBHoro ajieicTpoHa 

HtoGbi pacneT yuapHoft HOHH3an,HH MHorosjieKTpoHHbix MHHieHefi yn,apoM GbicTporo 
sjieKTpoHa b paMKax napaKcnajiBHoro npH6jiH>KeHHH cTaji npaKTHnecKH bo3mojkhbim, fljis 
MHHieHH Heo6xo^HMo npHMeHHTB npnGjiHJKeHHe o^Horo aKTHBHoro sjieKTpoHa. B pa6oTe 



10|] TaKoe npH6jiH>KeHHe ctpohtcs Ha ocHOBe npnGjiHJKeHHH XapTpH-Ooxa h npH6jiH>KeHHH 
3aMopoaceHHbix" oGojioneK. 

HaHHeM c BpeMeHHoro ypaBHeHHH XapTpn-Ooxa fljis cncTeMbi bo BHeniHeM nojie 



dt 



F [{^{v\t)}%] ^(r,t)+v(T,t)ik{T,t). (32) 



3^;ecB N a = N e /2 — hhcjio 3anojiHeHHbix oGojioneK, N e — hhcjio sjieKTpoHOB b cncTeMe, 
v(r,t) — BHeniHee nojie. OnepaTop Ooxa fljia npoH3BOJiBHoro HaGopa opToroHajibHbix boji- 

HOBBIX (pyHKHHH {<Pj}fZl HMeeT BHfl 

F[{^ 1 ]=h + J2(^}-K[^ 

Oh CO^epjKHT O^HOSJieKTpOHHBIH raMHJIBTOHHaH 

h = -iv 2 + w(r), 

r^e u(r) — nojie a,n,ep, a TaKxce KyjioHOBCKHfl onepaTop 

2 



j[<p]ip(T) = J yz^dr'ij(r 
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h o6m6hhbih onepaTop 

man / £j&jjp*>. 

IIpe^nojTOJKHM, hto Bee op6HTajibHL»ie cpyHKHHH 3a HCKjiioHeHHeM i—m He MeHHioTca b 
TeneHHH npou,ecca 

ip(r,t), j=i; 

v ^( r ) ex P(-* e .j*)> 3 ^ i '; 
r^e {<jOj},-=i — peineHHH cTaHHOHapHoro ypaBHeHHH XapTpn-OoKa. 

^te^wW = wW. (33) 

Mbi MoaceM BBecTH scpcpeKTHBHBifi: noTeHniiaji ocTaTOHHoro HOHa nocjie BbijieTa i-ro sjiex- 
TpoHa 

^(r) = 2 V J[ipj\ - J[fi\ = $> - <%) / dr 2 . 
OcTaTOHHBifl onepaTop c cpopMajiBHoft tohkh 3peHHH HMeeT bh,h 

X l = F [{^}%] - [h + <r)] = 2 J[V] - Jfo] - £ 

i=l 

to ecTb 



ho nocKOJiBKy j[ip] onncBiBaeT sjieKrpoH Ha Toii >Ke oGojioHKe c npoTHBonojiojKHBiM chhhom, 
cocTOHHHe KOToporo b paMKax npH6jiHJKeHHH "3aMopo>KeHHBix" oGojioneK MBI TaK JKe MOJKeM 
CHHTaTB HeH3MeHHBiM b xo^e npon;ecca, to npnxo^HM k o6MeHHOMy onepaTopy 



KoppeKTHoe BBe^eHHe 3Toro onepaTopa npHBOflHT k HHTerpajiBHOMy ypaBHeHHio. IIockojib- 
xy oGmch cym;ecTBeHeH tojibko b tom cjiynae, Kor,n,a sjieKrpoH Haxo^HTCH b6jih3h MOJiexyjiBi, 
mbi MOJKeM BBecTH npH6jiH>KeHHBiH onepaTop o6MeHa 



rp,e npoeKHHOHHBiH onepaTop Ha no^npocTpaHCTBe penieHHH yp. f l33|) 

A' 



I^(r) = $>*(r) [ ^(rO^(r')rfr'. 
k=i J 
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Torfla scpcpeKTHBHBiH raMHjiBTOHHaH mhiii6hh npiiHHMaeT bhji 

H = h + w i (r)+X?. (34) 

Ecjih N > N Q , to npH6jiHJKeHHL»ifl onepaTop 6yn;eT oGecnenHBaTB KoppeKTHBie op6HTajib- 
Ht>ie 3HeprnH fljia ocHOBHoro coctohhhh. B pa6oTe [10] aBTopbi nojiarajiH N = N a , tqm 
caMBiM cpaKTHHecKH npeHe6peraa o6MeHOM rjik coctohhhh KOHTHHyyMa h B036yjK^eHHBix 

COCTOSIHHH. 3(p(peKTHBHBIH HOTeHHIiajI HOHa, OHeBH,H,HO, GyflfiT HMeTB BHfl 

Ui(r) = u(r)+Wi(r). (35) 

IIoTeHu,Haji B3aHMo^eflcTBH2 HajieTaiornero sjieKrpoHa c MOJieKyjioft b ypaBHeHHH (j5J) 
CKjiaflBiBaeTca H3 3<pcpeKTHBHoro noTeHHHajia ocTaTOHHoro HOHa h noTeHHHajia B3aHMo^;efi- 
ctbhh HajieTaiomero ajiercrpoHa c aKTHBHBiM sjieKTpoHOM MOJiexyjiBi 

V(r 1 ,T Q ) = U i (r Q ) + -. — r . (36) 

|ri - r | 

^eTajiH HHCJieHHofl cxeMBi fljia: penieHHH nHTHMepHoro BpeMeHHoro ypaBHeHHH (jSJ) H3Jio- 
aceHBi b ilpiijioaceHHH IA 1[ 



E. CpaBHeHHe c flpyrHMH mgto^eimii 



JXjis TecTnpoBaHH3 MeTo^a b pa6oTe 10] 6biji npoBe^eH pacneT 3/IC o^HOKpaTHofl hohh 



3anHH rejina yn,apoM 6BicTporo sjiercrpoHa npn napaMeTpax sKcnepiiMeHTa [45| : sHeprnn 
HajieTaioiu;ero sjiercrpoHa E,i = 500 sB, 3Heprn5i ncnymeHHoro aJiercrpoHa E e = 37 sB h 
E e = 74 sB, b TpeTBeM HaGope 3KcnepHMeHTajibHBix jxaHHBix (45] cjihhikom GojiBniaa 3Hep- 
ths HcnymeHHoro 3jieKTpoHa E e = 205 sB fljis pacneTa c noMornBio PA. Ha piic. [U^eMOH- 



CTpiipyioTcg pe3yjiBTaTBi PA, PA1B, sKcnepHMeHTajiBHBie ^aHHBie 



113 



45] h pe3yjiBTaTBi CCC 



45] (HopMHpoBaHHBie Ha HaHjiynniee coBna^eHHe ^bohhbix hhkob c pe3yjiBTaTaMH PA, 



nOCKOJIBKy B 



45] OHH flaHBI B npOH3BOJIBHBIX e/jHHHHax) . Bh^ho, HTO HaHIH pe3yjiBTaTBi PA 



oneHb xoponio coBna^aioT k&k c sKcnepHMeHTOM, Tax h c CCC ^aHHBiMH, h xoth pe3yjibTa- 
tbi CCC HecKOJiBKo jiynuie BocnpoH3Bo^5iT nHK oT^aHH npn E e = 37 sB, npn E e = 74 sB 
pe3yjiBTaTBi PA hcotjikhkmbi ot CCC pe3yjiBTaTOB. 

TaK>Ke fljia napaMeTpoB sxcnepHMeHTa 45] b pa6oTe 10] 6biji npoBe^eH pacneT 3,U,C 



o^HOKpaTHOH HOHH3au,HH HeopneHTHpoBaHHOH MOJiexyjiBi H 2 yzjapoM Gbictpoto 3JieKTpOHa. 
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He:£i = 561.6 3B;£ e = 37 3B 




45 90 135 180 225 270 315 360 

6 e , rpEW 
a 



He: Ei = 598.6 sB; E e = 74 sB 



— PA 

— PA1B 

-— ccc 

3KcnepHMeHT 




45 90 135 180 225 270 315 360 

6e, rpafl 

6 

Phc. 1: 3,3,0 fljia npon,ecca He(e,2e) ksk cpyHKipiH yrjia BbijieTa 9 e rjih aHeprnn BbijieTeBinero 
ajieKTpoHa (a) E P =37 sB h (6') E e =74 aB: pe3yjibTaTM PA (cnjioiimaH KpHBaa), PA1B (niTpnxoBaH 



KpHBaa), CCC 



45| (nyHKTHpHaa KpHBaa) h SKcnepiiMeHTajibHbie flaHHbie |45| (KpyjKKii) 



3,3,0 paccHHTMBajioct. Rjm Ha6opa cpHKcnpoBaHHBix opneHTairnn MOJiexyjiBi, a 3aTeM ycpe,n- 
hhjiocb no HanpaBjieHHio MOJieKyjiapHoft ocn rjik nojiyueHns 3,H,C rjik HeopneHTnpoBaH- 
Hoii MOJieKyjibi. Ha pnc. [21 KpoMe pe3yjibTaTOB PA, PA1B n 3KcnepnMeHTajiBHBix ^aHHBix 



45IJ . noKa3aHBi pe3yjiBTaTBi pacneTa mcto^om BHeniHero KOMnjieKCHoro CKeftjiHHra c yneTOM 
BToporo 6opHOBCKoro HjieHa b ^hiiojibhom npnGjimKeHnii (ECS-2BD) (cm. pa3^eji IIIip . a 
Tax ace pe3yjiBTaTBi M3DW-OAMO (Molecular 3-body Distorted Wave approximation with 
Orientation Averaged Molecular Orbital, npn6jrn>KeHHe TpexTejiBHofl MOJieKyjisipHoft ncKa- 
>KeHHoii BOJiHbi coBMecTHO c npn6jin>KeHHeM ycpe^HeHHoft no HanpaBjieHHio MOjieKyjiapHoft 
op6nTajin) [45]. 3KcnepnMeHTajiBHBie ^aHHBie n pe3yjiBTaTBi M3DW-OAMO HopMnpoBaHBi 



15 



Ha HanjiyHiiiee coBna^emie ,tbohhbix iihkob c pe3yjiBTaTaMH PA. CoBna^eHHe HaniHx pe- 
3yjiBTaTOB PA c 3KcnepHMeHTajiBHBiMH jiynnie, neM y M3DW-OAMO kbr no nojioaceHHio 

OCHOBHblX IIHKOB , TaK H no BejIHHHHe IIHKOB OT^aHH, xoth npH E e = 37 sB HaniH pe3yjiBTaTbi, 

Kax h ,h;jih rejiHH, hcckojibko Heflooii,eHHBaK)T BejiHHHHy nnxa oTflaiH. ECS-2BD pe3yjiBTa- 
tbi xoponio coBna^aioT no BejinnnHe c pe3yjibTaTaMH PA, ho /j,aioT chjibho 3aHH:sceHHyio 
BejiHHHHy yrjioBoro cflBura othocht6Jibho HanpaBjieHna BeKTopa nepe^ann HMnyjibca K. 
IIocKOJibKy b ECS-2BD ynnTbiBajiacb TOJibKo Gn^nnojibHaH KOMnoHeHTa BToporo 6opHOB- 
CKoro njieHa, to ecTb jinHenHbin no pa/xiiyc-BeKTopaM o6onx 3jieKTpoHOB MnnieHH BKjia/j; 
b pa3JiojKeHne BToporo GopHOBCKoro njieHa, a b PA — TOJibKo B3aHMOflencTBHe o/XHoro H3 
3jieKTpoHOB MnnieHH, mojkho c^ejiaTb bhboa, hto ochobhoh BKjia/j, b yrjioBoe CMem;eHHe 

BHOCHT KOMnOHeHTbl BTOpOrO 6opHOBCKOrO HJieHa, 3aBHCHinne OT KOOpiXHHaT TOJIBKO o/xho- 

ro H3 sjieKTpoHOB. 3to TaioKe o6T.HCH5ieT HecnocoGHocTB ECS-2BD BocnpoH3BecTH cpopMy 
yrjioBoro pacnpejj;ejieHH5i jxbohhoh hohh3 auiiH H 2 

B KanecTBe em,e oflHoro npHMepa paccMOTpHM BBinojmeHHBiH b 
HeopneHTHpoBaHHOH MOJiexyjiBi N2 npH napaMeTpax SKcnepHMeHTOB 



10| pacneT 3,3,0 fljia: 



46 



47|. B KanecTBe 



dwHKHHH HanajiBHBix coctohhhh op6nTajieli N2 HcnojiB30BajincB BapHaniioHHBie cpyHKHHH 



48|. Ha phc. [31 a,6 noKa3aHbi pe3yjibTaTBi PA, PA1B h 3KcnepnM6HTajiBHBie j^aHHBie 47|, a 



TaiQKe pe3yjiBTaTBi TCC-1B 



45] fljia iioHH3an;iiii N2 c BBipBiBaimeM sjieKrpoHa c BHyrpeH- 



Hefl 2cx 9 -o6ojiohkh. IIocKOJiBKy PA1B ropa3Jj;o Gjiiixce k sKcnepHMeHTajiBHBiM iiaHHBiM, neM 
PA, 3KcnepnMeHTajiBHBi6 jj;aHHBie h pe3yjiBTaTbi TCC-1B HopMHpoBaHBi Ha PA1B. Mojk- 
ho npejxnojiojKHTB, hto ctojib o6ecKypa:>KHBaioiiiHH npoBaji PA cBH3aH c ncnojiB30BaHneM 
npn6jin>KeHH5i o/XHoro aKTHBHoro sjieicrpoHa h, cooTBeTCTBeHHo, c npeHeGpeaceHiieM Kax H3- 
MeHeHiieM coctohhhs ocTajiBHBix sjieKTpoHOB MnnieHH npii B3aiiMo^elicTBHii c HajieTaiomiiM 

SJieKTpOHOM, TaK H 3JieKTpOH-3JieKTpOHHOH KOppejIHHIieH B MHnieHH. IIoCKOJIBKy nOCJieflHHH 

npiiBOiXHT k yBejiHHeHHio cpe/iHero paccTOHHHH MejK/xy sjieierpoHaMH, oHa, oneBHiXHo, jj;oji:>k- 

Ha npiIBO^HTB K yMeHBnieHHK) B03,2i;eHCTBH5I BHeniHHX o6ojIOHeK Ha npOXO^HUIHH CKB03B HHX 
BBl6HTBIH BHyTpeHHHH SJieKTpOH (no CpaBHeHHK) C npn6jIH>KeHHeM CpHKCIipOBaHHBIX BHeni- 
HHX oGojioneK). Ha nepBBiii 6ophobckhh HjieH, no-BH/jHMOMy, stot scpcpeKT He 0Ka3BiBaeT 

3HaHHTejIBHOrO BJIHHHHH, a flJIH BBICHIHX GopHOBCKHX HJieHOB eTO HeyHeT npHBOJXHT K CHJIB- 

HOMy 3aBBinieHHio hx BKjia/ra, h noaTOMy PA1B oKasajica ropa3Jj;o GjiHJKe k 3KcnepHMeH- 

TajIbHBIM JTaHHBIM, HeM PA. 

Ha pnc. [31 e,2 noKa3aHo 3,HC rjik HOHH3anHH N 2 c BBipBiBaHHeM sjieKTpoHa c BHeniHHX 
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H 2 :£i = 553.4 3B;£ e = 37 3B 



— PA 

— PA1B 

— - ECS-2BD 

— M3DW-0AM0 
• 3KcnepHMeHT 



1 1 i i 1 

45 90 135 180 225 270 315 360 




6 e , rpafl 



(i 



H 2 : E { = 590.4 3B; E e = 74 sB 

— PA 

— PA1B 
— - ECS-2BD 

— M3DW-OAMO 
• 3KcnepHMeHT 



45 90 135 180 225 270 315 360 

C , rpa/i 




Phc. 2: fljia npon,ecca H2(e,2e) k&k cpyHKiyifl yraa BbijieTa 6 e ajih BHeprnft BbijieTaioiu;ero 

ajieKTpoHa (a) E e =37 sB h (6) E e =74 bB: pe3yjibraTbi PA (cnjioiimas KpiiBas) , PA1B (impiixoBaH 
KpHBaa), ECS-2BD 5| (nyHKTiipHag KpiiBafl), M3DW-OAMO [45l | (niTpHX-nyHKTHpHaa KpuBas) h 
3KcnepnMeHTajiBHBie flaHHbie |45| (KpyjKKii). 



7U H 2(T n -o6ojIOHeK N2 



o6ojioHeK. Mm paccHHTajiii BKjiaflbi b 3,3,0 ot HOHiisauiiH c 3cr g , 
h npocyMMnpoBajin hx c K03(p(pHu,HeHTaMH 1, 0.78 h 0.32, cjie^ya |47|. 3^ecB sKcnepuMeH- 
TajiBHBie ,n;aHHbie h TCC-1B peMaciHTaGnpoBaHbi Ha Bejinnimy ^BoiiHoro mixa b PA. HaiiiH 
pe3yjiBTaTBi PA b ^aHHOM cjiynae ohgbh^hbim o6pa30M Gjinxce k sKcnepuMeHTajibHbiM toh- 
KaM, hbm pe3yjibTaTbi PA1B h TCC-1B, xotsi PA 3aMeTHo He^ooueHHBaeT BejiiiHimy nnxa 
OTflaHH fljia E e = 37 sB h yrjioBoft c^Biir ocHOBHoro niiKa npn E e = 74 sB. BepoaTHO, sth 
pacxojK^eHHa cB33aHbi c ^HHaMiiKoft BHeniHHx oGojioneK MHineHH. 

LTocKojibKy PA1B npiiBo^HT k ypaBHeHiiio c hhcjiom pa3MepHocTefi, paBHbiM nncjiy cTe- 
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N 2 [2o g ]: Ei = 577 3B; E e = 37 aB 



N 2 [2o g ]: Ei = 614 3 B; E e = 74 aB 



0.14 
0.12 
0.1 
j0.08- 
3 "0.06 
0.04 
0.02 
0- 




1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

45 90 135 180 225 270 315 360 



0.025 
0.02 
dO.015. 
% 0.01- 
0.005 ■ 
• 




6 e , rpafl 



45 90 135 180 225 270 315 360 

e B rpaji 



1.5 



" 1 



0.5 



N 2 [3o g ]: Ei = 553 3B; E e = 37 3B 




T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

45 90 135 180 225 270 315 360 



0.25 



N 2 [3o g ] : Ei = 590 3 B; E e = 74 3 B 




~i — 1 — i — 1 — i — 1 — i — 1 — i — 1 — i — 1 — i — 1 — i 

45 90 135 180 225 270 315 360 



9 B rpwi 



8 e , rpafl 



Phc. 3: 3J\C fljia N2(e, 2e) npouecca Ha 2a g op6iiTajiH (a,6) a BHenmiix opGiiTajieft (e,g) KaK cpyHK- 
hhh yrjia HcnycKaHHH 9 e fljia SHeprnn pacceHHHoro 9JieKTpoHa E s = 500 sB h yrjia pacceHHHH 
9 S = —6°: PA (cnjioiimaH KpuBaa) a PA1B (niTpuxoBaa KpHBaa). TaKJKe noKa3aHBi pe3yjibTaTBi 
TCC-1B (nyHKTHpHaa KpiiBasi) h 3KcnepiiMeHTajiBHBie flaHHBie (KpyjKKii) . 

neHeft cboGo^m mhhichh, Rjm MHHieHeft c MajibiM hhcjiom sjieKTpoHOB oho mojkct scpcpeKTHB- 
ho npHMeHaTbca h 6e3 o^HosjieKTpoHHoro npnGjiHaceHHa ^jih MHineHH. B pa6oTe j?| MeTOfl 
PA1B b kom6hh&hhh c mcto^om conyTCTByioiHHX Koop^HHaT (TDS, time-dependent scaling, 
cm. pa3^eji IIVI) 6bui HcnojiB30BaH ^jih pacneTa ^bohhoh HOHH3aiiHH aTOMa rejina yuapoM 
6ticTporo sjieKTpoHa. CTHMyjioM k btoh paGoTe HBHjiocb Hajinnne cepbe3HBix pacxojK^eHHfl 



MeJK^y SKCnepHMeHTajIBHBIMH^aHHBIMH 



49| H CXO^HHTHMCH MeTO^OM CHJIBHOH CBH3H (CCC, 



Convergent close coupling) |50| . Bbijio BbicKa3aHo npe^nojiojKeHHe [5l|, hto pacxoxc^eHHe 
Me>K^;y CCC-pacneTaMH h sxcnepHMeHTOM oGycjioBjieHo HenpaBHjiBHBiM acHMnTOTHnecKHM 
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2.5 
2.0 
1.5 
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0.5 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 




- PA1B-TDS 
CCC 
3KCn./2.2 
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- PA1B-TDS 
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l =263 



CO 

o 



3 
2 
1 - 

0-1* 
1 - 
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150 / / a\ 


60 

-L f> \ 30 

s^j^^m — i — c 


WW 

210 \ \ 

240 ^--^._____ 


/ / 330 



- PA1 B-TDS 
CCC 
3Kcn./2.2 



Phc. 4: 5^C /;bohhoh hohh3 au,HH aTOMa He ya,apoM 6bicTporo BjieKTpoHa b 3aBHCHMOCTH ot #2 npn 
SHeprnn HajieTaK>m,ero 3JieKTpoHa E{ = 5600 sB, yrjie pacceHHHH 6 S = 0.45, SHeprim BbijieTaio- 
hjhx sjieKTpoHOB E\ = £"2=10 aB h yrjiax BbijieTa nepBoro ajieKTpoHa s)9\ = 97°; 6)9\ = 139°; 



b)9\ = 263°. Pe3yjibTaTbi 
nepHMeHTajibHbie flaHHbie 



A1B-TDS (cnjioniHaa KpiiBas) , CCC (iirrpHXOBaH KpiiBas) 



49] 



H 3KC- 



noBe^eHneM cpyHKirHft ^ByxsjieKTpoHHoro KOHTHHyyMa, ^aBaeMtix CCC. Ha puc. H] noKa- 
3aHo MHoroKpaTHoe ^(pcpepeHirnajiBHoe ceneHne ^bohhoh HOHH3airHH rejina Kax (pyHKUHa: 
yrjia BbijieTa o^Horo 3JieKTpoHa npn (puKcupoBaHHOM yrjie BbijieTa flpyroro sjieKTporia. Ha- 
ihh pe3yjiBTaTbi 6jih3kh k pe3yjiBTaTaM pacneTOM no Mexo^y CCC 50] h b hcckojibko pa3 



™ no e_, » 3K enep H Me_e m FIccKc^y n„™ PA1B- 
TDS [7] pa^HKajiBHo oTjiniaeTCH ot CCC, rnnoTe3a o tom, hto pacxoac^eHne Meac^y CCC- 
pacneTaMH h sKcnepiiMeHTaMn o6ycjioBjieHo HenpaBiuiBHBiM aciiMriTOTHHecKHM noBe^eHHeM 
CCC-(pyHKn;HH ^ByxajieKTpoHHoro KOHTHHyyMa, He no^TBep^Hjiacb. 
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III. PemeHHe 3a,n,aHH pacceaHHH Ha ocHOBe cpopMajiH3Ma CTauHOHapHoro ypaBHeHHa 
IIIpe,zi,HHrepa c hctomhhkom h KOMnjieKCHoro CKeiijiHHra 



B pa6oTax |4|, |5| oniicaim BbPiHCjiHTejibHas npoH,e,zrypa Ha ocHOBe cpopMajiH3Ma ypaBHe 



hhs IIIpe^HHrepa c hctohhhkom b npaBoft Hacra (driven Schro dinger equation, cm. 53| h 



ccbiJiKH b 3toh paGoTe) h BHeniHero KOMnjieKCHoro cKeftjiHHra (BKC) 54| b npHMeHeHHH k 



^BOHHOH HOHH3aHHH CpOTOHaMH 53] H 3 JieKTpOHaMH . 

KoMnjieKCHbift CKeftjiHHr, to ecTb noBopoT pa^najibHofl Koop^HHaTbi b ypaBHeHHH Ltlpe- 
^HHrepa b KOMnjieKCHyio njiocKOCTb, nepBOHanajTbHO 6biji npe^;jio>KeH fljis Hccjie,n;oBaHHa 



aHajiHTHuecKHx cbohctb S-MaTpnn,bi 



55] . Bbijio noKa3aHo, hto npn npeo6pa30BaHHH 



r — > re 



iri 



SHeprnn coctohhhh KOHTHHyyMa noBopaHHBaioTcs b SHepreTHHecKoft njiocKOCTH Ha yroji 
2rj, SHeprHH KBa3HCTaHHOHapHbix coctohhhh npHo6peTaK>T hx HCTHHHyio MHHMyio nacTb, a 
SHeprHH cTan,HOHapHbix coctohhhh He MemnoTcs. Bee sto cBH3aHo c TeM, hto pacxo,naiiia- 
aca Bojma nocjie Taxoro npeo6pa30BaHH5i npnoGpeTaeT 3KcnoHeHHHajibHo na,n;aioirryio c pa- 



^nycoM aMnjiHTyzry. B. CaflMOH 5J| npefljiojKHji MeTo,n; BHeniHero KOMnjieKCHoro cKeftjiKHra 
(ECS) (exterior complex scaling), KOTopbift 3aKjnoHaeTC5i b tom, hto noBopoT npoH3Bo^HTca 
He bo Bceit oGjiacTH onpe^ejieHHH r, a tojibko HaiHHaH c HeKOTopofl tohkh r s 

{r, r < ?%: 

{1.5) 
r s + e lll (r - r s ), r > r s , 

h noKa3aji, hto npn TaKOM npeo6pa30BaHHH cneKrp MeHaeTca Tax ace, k&k h npn o6bihhom 
KOMnjiexcHOM CKeiijiHHre. IIpeHMyinecTBOM ECS HBjiJieTCH to, hto npn r < r s cpyHKHHH 
HeH3MeHHa. Ecjih npn penieHHH HineTca: pacceamma Bojnia, to, BocnojiB30BaBniHCB ECS, 
mojkho peniaTb ypaBHeHHe IUpe^HHrepa c rpaHHHHtiMH ycjiOBHSMH ^Hpnxjie. 3to CHHMaeT 

Heo6xO^HMOCTb 3HaHH3 KOHKpeTHOrO aCHMnTOTHHeCKOTO BHfla BOJIHOBOH (pyHKHHH. 

Ilepexo^ k cpopMajiH3My ypaBHeHHH IIIpe^HHrepa c hctohhhkom HanHeM c oGmero Bbi- 

paJKeHHH ^JIH aMnjIHTyflbl HOHH3aiIHH 

f(k) = (^- ) \^ ), (37) 

r,n;e (po npe^cTaBjiaeT HanajibHoe coctohhhc MHnieHH, fi — onepaTop B03MyineHH5i fljia ,n,aHHo- 
ro npouecca, k — Ha6op HMnyjibcoB BbijieTeBmnx sjieKTpoHOB h ip^' — BOJiHOBaa cpyHKHHH 
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KOHTHHyyMa MiimeHii, nocTpoemmH k&k cyMMa naflaiomeii bojihbi h Bxo^HineH ccpepHnecKoft 
bojihbi, ynoBjieTBopjHomaH CTai^noHapHOMy ypaBHeHHio LQpe^HHrepa 

(H - E)^ ] = 0. (38) 

TaMnjIbTOHHaH MHHieHH MOJKHO npe^CTaBHTB KBK H = Hq + V. 3^ecB V(ri, rjv e ) = 

| r --r -| ~~ noTeHHiiaji Me>K3jieKTpoHHoro B3aHMO,n;eiiCTBHfl, N e — hhcjio sjieKTpoHOB mii- 
ineHH. OnepaTop H = J2a=A~ + ^a( r a)] npeflCTaBjiseT raMiijiBTOHiiaH sjieKTpoHOB b 
nojie H^ep, onHCBreaeMOM noTeHHiiajiOM U a (r a ), r a — Koop^HHaTBi sjieKTpoHOB MHHieHH. 
IlycTb npoGimH cpyHKHHJi x^ yflOBjieTBopaeT ypaBHeHHio 

(Ho - E)xi~ ] = 0. (39) 
IIojiB3yHCB ypaBHeHHeM JlHnnMaHa-IIlBHHrepa 

XV = V? + - i , (-v)xi- ] 



* k 

E - H - ie 



H 3aMeHHH \ HaXOflHM 



/(k) = ([1 + (£ - - ie)" V]xL" j |/iko) = Oi" J I [1 + V(E - + ie)- l ]jl\^). 

HcnojiB3yH Toac^ecTBo 1 + V(E — H + ie) -1 = (E — H )(E — H + ie)~ 1 , nojiynaeM cjie,nyioiri;ee 
BBipaxceHHe fljia aMnjiHTyznj nepexo^a 

/(k) = (x^l^-^o^ (+) ), (40) 
r^;e "BOJiHOBan cpyiiKHHsi nepBoro nopn^Ka" yflOBjieTBopseT ypaBHeHHio IIIpe^HHrepa c 

HCTOHHHKOM B npaBOH HaCTH 

(H - E)^ = -py (41) 

C rpaHHHHBIMH yCJIOBHHMH yXO^HIHeft BOJIHbl. 

Tenept paccMOTpHM o6jiacTB V G 9ft 3ne b KOHcpnrypaHHOHHOM npocTpaHCTBe, pa3Mep- 
hoctb KOToporo onpeflejiaeTca hhcjiom HcnymeHHbix sjieKTpoHOB n e . TaMnjiBTOHHaH Bcero 
npocTpaHCTBa mojkho pacmemiTB Ha ^Ba spmhtobbix onepaTopa — BHyrpeHHHH 



Hin 



H + L S , re V; 
0, r^V, 
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H BHeiUHHH 



H 



out 



0, r G V; 

H -L s ,r£ V. 



3,n;ecb r = {r a }™^ 1 — Ha6op pa,n;Hyc-BeKTopoB sjieKTpoHOB. OnepaTop Bjioxa L s yn;oBjieTBo- 
paeT (popMyjie TpHHa 

ipL s ipdV = - <p (p(n s V)ip dS, 



'5R3ne 2 j s 

r^,e S npe^cTaBjiHeT noBepxHocTb, orpaHiiHiiBaromyio oGteM V. Hcnojib3ys Taxoe pa3,n;ejie- 
HHe, nepennineM aMnjiHTyny nepexo^a (HUT) b BH^e 

Hcnojib3y5i cbohctbo spmhtobocth h ( I39p . nojiynaeM fljia: BHyTpeHHero HHTerpajia 
(X^IE -H - L s \^ +) )rev = (^ +) \E - H - Lglxt^Uv = "(^I^IxST )* 



(xL"^ - # + V + L s \^ + \tv = (xV\Ls\^ +) ) + (xV\V\^ +) ) r ?v 
fljia BHeniHero. 3to no3BOjiHeT 3amicaTB (popMyny rjik aMnjiHTynbi b BH^e 

/(k) = -(^ILsIx^)* + ( X ^|L s |^ (+) ) + (xirVl^W- (42) 

TenepB, npe^nojiaraa, hto oGteM V BBiGpaH TaKHM o6pa30M, hto V — > fljia r ^ V, 
MoaceM 3anncaTb 



r^e 



npe^cTaBjiaeT noTOK BepoaTHOcra 



B cjiynae oGbiHHoro KyjioHOBCKoro B3aHMo^eflcTBH3 Meac^y sjieKTpoimMH V = l/|r^ — 
r 2 | TpeTHii HjieH b ( H2|) pacxo^HTca, o^HaKo BBipaaceHHe (H3|) h b stom cjiynae pa6oTaeT 
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56 



57) h flaeT aMnjiHTyzrbi, oTjiHHaroirrHeca: ot tohhbix tojibko cba30BbiM mho>kht6ji6m . 3tot 



MHo>KHTejit> 3aBHCHT ot o6T>eMa V, ho He BjiHseT Ha KaKHe-jin6o cpH3HHecKHe HaGjuo^aeMbie. 

PaCCMOTpHM ^ByxaTOMHyiO MOJieKyjiy C CDHKCHpOBaHHBIM Me^KtimepHBIM B6KTOpOM R = 

-RriR. IIoTeHHHaji npHTHxceHHa a^ep b cjiynae h H 2 ^aeTCH BbipaaceHHeM 

1 1 



U(r) 



R| 



— I ' 

2 I 



JJfla onHcaHHH sjieKTpoHOB b TaKofl MOJiexyjie xrorHHHee Bcero HcnojiB30BaTB KOHcboKajiBHBie 

3JIJIHnTHHeCKHe ( BBITJIHy TBie CCpepOH^ajIBHBie) KOOp^HHaTBI 



r- #1 + |r + 



R| 



R 



R 



G [l,oo); 7] 



G[-l,l]; 0G[O,27r). 



CTauHOHapHoe ypaBHeHHe IIIpe^HHrepa fljia o^HosjieKTpoHHBix cncTeM c flByMs KynoHOB- 
ckhmh HenrpaMH, TaKHx KaK H^, b 3toh cHCTeMe Koop^HHaT ,n;onycKaeT pas^ejieHHe nepe- 

MeHHBIX, HTO SIBJISieTCSI CJie^CTBHeM erO H3HaHajIBHOH ^ByXH,eHTpOBOH CHMMeTpHH. IlosTOMy, 
B OTJIHHHe OT 



b pa6oTax 



ot |41H4 

Alls 



43] , r^e fljis MOJiexyjiBi H 2 HcnojiB30BajiHCB ccpepHnecKHe KoopflimaTbi, 



12] npHMeHajiHCB ccpepon^ajiBHBie. IlpeHMymecTBO Taxoro BBi6opa b tom, 



hto cHHryjiapHBie tohkh ^Byxn;eHTpoBoro noTeHHHajia pacnojioxceHbi Ha rpaHHue oGjiacTH 
oupe^ejieHHa £ = 1, hto cHHMaeT npo6jieMy HajiHHHH pa3pbiBa nepBoii npoH3Bo^HOH boji- 

HOBOH (pyHKITHH B TOHKBX CHHryjIHpHOCTH HOTeHHHaJia. HtoGbI nO^HepKHyTB OTJIHHHe OT 

MeTo^a ECS 4l|-|43) . cocToaniee b BBiGope Koop^HHaTHofl chctcmbi, 6yn;eM Ha3BiBaTB MeTOfl, 

12 1, BH6HIHHM KOMnjieKCHBIM CKefljIHHrOM B BBIT2HyTBIX CCpepOH- 



HCnOJIB30BaHHBIH B 



^ajiBHBix Koop^HHaTax (prolate spheroidal exterior complex scaling, PSECS). /IeTajiH hhc- 
jieHHoii cxeMBi fljia: perueHHa mecTHMepHoro CTaunoHapHoro ypaBHeHHa b ccpepon^ajiBHBix 

KOOp^HHaTaX H3JIOJKCHBI B IlpHJIOJKeHHH IA 21 



A. IIpoSHBie CpyHKU,HH flJIH BHHHCJieHHH aMIUIHTyn, HOHH3ail,HH 

JXjik HcnojiB30BaHH5i cpopMyjiBi (l4*3|) Heo6xo^HMa npo6Haa (pyHKHHa, acHMnTOTHHecKHft 

BHfl KOTOpOH 6JIH30K K aCHMnTOTHHeCKOMy BH^y BOJIHOBOH (pyHKITHH B COOTBeTCTByiOmeM 

KaHajre peaKHHH. Ilpo6Haa cbyHKHiis fljis npocToft hohh3 airHH c o6pa30BaHHeM b cocto- 
jihhh (nlm) ^aeTCH BBipaxceHHeM 

xLL(ri, r 2 ) = x^ ) (ri)^m(r 2 ), (44) 
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r^;e (p n im(^) npe^cTaBjiaeT BOJiHOByio cpyHKHHio cBS3aHHoro 3JieKTpoHa b hohc H^, a Xk ( r ) 
— ,zrByxH,eHTpoByK) KyjioHOBCKyio BOJiHOByio cpyHKHHio KOHTHHyyMa fljis HMnyjitca k h 3Kpa- 
HHpoBaHHoro 3apa^a Z + = 1. EcTecTBeHHbiM Bbi6opoM noBepxHocTH S b (l4*3|) aBjiaeTca 
ccpepoim, onpe^ejiaeMBili ypaBHeHHeM £ = £5. KoMnoHeHTa njioTHOCTH noTOKa BepoHTHOCTH 
b^ojib HopMajibHoro BeKTopa noBepxHocTH diS npiio6peTaeT bh,h; 



(_)* dlpknim i / v k 

X k oiT Yknlm 



OS 



d?7i dc/> 



rfle VknZm(ri) = (ip n im(r 2 )\i' ( - +) (r 1 , r 2 )). 

^Byxn;eHTpoBaa KyjioHOBCKaa BOJiHOBaa cpyHKHHH KOHTHHyyMa MoaceT 6bitb BbipaaceHa 
nepe3 cyMMy ccpepoH,n;a.nbHbix napHHajibHbix bojih 



xt\r) = (27r) 3 / 2 47r^T*, m (cos^,0 fc )z i e-^"T mi (c,()T Um (r,, 



(45) 



im 



r^e c = kR/2, T m ;(c, £) — pa^HajibHbie KyjioHOBCKHe ccpepon^ajibHbie cpyHKHHH |58j, Skim ~ 
dpa30Bbie cflBHru, a "ccpepoH^ajibHbie rapMOHHKH" 

Tkim(v, <p) = S m i (c, v) exp ^^ ■ T im(cos9,if) = Y lm (9,tp), (46) 



2tt 

onpe,n,ejiaioTCH nepe3 yrjioBbie ccpepoH^ajibHbie cpyHKHHH S m i(c,r}) [58]. B cboio oHepe,nb, 
ccpepoH^ajibHbie cpyHKHHH T m z(c, £) h S m i(c,r]) noxrynaioTCii HHCJieHHbiM penieHHeM pa3^e- 
jieHHbix ypaBHeHHii 



(I . ...j . (I „ „ //r 



d ,„ 2 d //r 



+ cT + 4i(c) 



T m /(c,0 = 0, 

Sml(c,T]) = 



c?77 v '^77 1 — ?7 2 

c Hcnojib30BaHneM b-cnjiafiHOB [52I h pasjioaceHHH no nojiHHOMaM JlexcaH^pa, cooTBeTCTBeH- 
ho, c toh ace ceTKoft h pa3MepoM 6a3Hca, hto h b (1A2I) (3jecb - KOHCTaHTa pa3^ejieHHa). 

IIpH pacneTe ^bohhoh HOHH3auHH b KanecTBe noBepxHocTH S Hcnojib30Bajics rHnepccpe- 
poHfl, y^oBjieTBopHioiri;HH ypaBHeHHio (^1 — l) 2 + (^2 — l) 2 = (Cs — I) 2 - B KanecTBe npo6HOH 
cpyHKHHH rjir ^bohhoh HOHH3auHH npome Bcero B3STb npoH3Be^eHHe cpyHKHHH o^HosjieK- 

TpOHHOrO KOHTHHyyMa 



xL lk2 (ri,r 2 ) = X ki ; (ri)x k2 ; (r 2 ). 



(47) 
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Ecjih npoGima (pyHKirHa: jxbohhoh hohh3 anriH He opToroHajiBHa (pyHKnriH, ormcBiBaioin;eH ofl- 
HOKpaTHyio HOHH3au,HK», to b pacHHTaHHofl c noMoiUBio cpopMyjiBi (1430 aMiuiHTyne ^bohhoh 
HOHH3an,HH noHBjiaeTca napa3HTHBiii BKjiafl ot o^HOKpaTHoft HOHH3an,nn , KpaftHe Me^jieH- 
ho cxo^hid;hhc2 k Hynio c yBejiH^eHHeM pa^nyca noBepxriocTH, Ha KOTopofl bbithcjihiotc5i 
aivrn jiHTyn,Bi . Hto6bi 3Toro H36e>KaTB, o6e (pyHKu,HH KOHTHHyyMa Xk~i 2 ( r ) B (HZJ) aojdkhbi 

6BITB OpTOrOHajIBHBI BC6M BOJIHOBBIM CpyHKITHilM ip n lm(r) CBS3aHHBIX COCT05IHHH SJieKTpOHa 



OflHOKpaTHO-HOHH3HpOBaHHOrO HOHa. JXjlK STOrO, COrjiaCHO |53| . (pyHKHHH Xk \ r ) AOJixcHa 

6bitb co6cTBeHHofi cpyHKi^Heii Toro ace raMHjiBTOHHaHa, co6cTBeHHoii (pyHKiriieH KOToporo 
HBjiHeTca BOJiHOBaa cpyHKHHH </? n z m (r), to ecTB, b cjiynae MojiexyjiBi Bo^opo^a, HyncHo hc- 
nojiB30BaTB KyjioHOBCKyio ccpepoH^ajiBHyio <pyHKn;Hio Xu ~\ r ) n P H Z + = 2. 

B. OnepaTop B03Mym,eHHH ajih B3aHMOfleiiCTBHH c SbiCTpbiM HajieTaioiii,HM 3-JieK- 

TpOHOM 

JXjis Hanajia BBinnnieM onepaTop B03MymeHiisi ^jih o^hocpotohhoh HOHH3aHHH nofl Aeft- 
CTBHeM nepno^HHecKoro BHeniHero nojin 6ecKOHeHHoii ^jiHTejiBHocTH b Koop/THHaTHoii Ka- 
jin6poBKe 

n e 
a=l 

3^ecB e — BeKTop nojiHpH3an;HH naflarouTero H3 JiyneHHH . 

,H,jih B3aHMo^;eHCTBHH jjByxsjieKTpoHHofi: ^ByxireHTpoBoft MojiexyjiBi c 6bictpbim HajieTa- 
ioiuhm 3jieKTpoHOM 6opHOBCKHii HjieH nepBoro nopa^Ka onepaTopa B036y>K^i;eHH5i 3anncBi- 
BaeTCH b Biin,e 

A«ib = -^(k s \V\k t ) = - A + ^ - e iK - R / 2 - e- K - R / 2 ] , (49) 

r^e kj — HMnyjiBc HajieTarourero sjieKTpoHa, k s — HMnyjiBc pacceapmoro sjieicrpoHa, a K 
- HMnyjiBc, nepe^aBaeMBili MiirneHii ot HajieTaiomero 3jieKrpoHa c pa^nyc-BeKTopoM r , 
ri,2 ~ pa^nyc-BeKTopBi MOJiexyjiapHBix sjieKTpoHOB, BeKTop R onpe^ejiaeT MeacBH^eprioe 
paccToarme h opiieHTanriio MOjieKyjiapHOH och, |k) = | exp(ik • r )). 

IlepBBiH 6opHOBCKHfi HjieH onucBiBaeT o^HoxpaTHoe B3anMOJj,eHCTBne HajieTaiourero sjiex- 

TpOHa C MHnieHBK). IIpH 3TOM ^BOHHaH HOHH3anTIH MOJKET npOH30HTH nOCpe^CTBOM flByX 



B03MOJKHBIX MexaHH3MOB — "cTpaXHBaHHil" H "BBl6liBaHH5l' : 



67fl. 06a 3thx nporjecca HanH- 



HaiOTCH C BBl6llBaHH3 O^HOrO H3 SJieKTpOHOB MHUieHH HajieTaiOILITIM SJieKTpOHOM. BTopofi 
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3jieKTpoH nocjie 3Toro Mo>KeT BbijieTeTb BCJie^cTBHe pe3Koro H3MeHeHHH fleHCTByiomero Ha 
Hero scpcpeKTHBHoro noTeHHHajia ("cTpHXHBaHHe") hjih 6bitb bbi6htbim nepBBiM sjieKTpo- 
hom ("BBi6HBaHHe") . Ho, KaK Gbijio noKa3aHo b |4j, npn sHeprnnx HajieTaiomero sjieKTpoHa 
Ei < 1 ksB b ^BOHHyio HOHH3au,Hio bhocht cymecTBeHHbiH BKjia^i; npouecc nocjie^oBaTejib- 

HOH ^BOHHOH HOHH3 aHHH , KOTOpbffl He npHHHMaeTCH BO BHHMaHHe B nepBOM 6opHOBCKOM 

npH6jiH>KeHHH . 3tot npon;ecc 3aKjnoHaeTCH b tom, hto HajieTaioiHHH sjieKTpoH nocjie^oBa- 
TejiBHo BBiGnBaeT KajK^Bifi H3 sjieKTpoHOB MHHieHH. JJ,Jis ero yneTa b onepaTop B03Myrn;eHH2 
flOJiaceH 6bitb BKjHoneH h BTopoft 6opHOBCKHH HjieH. Bonpoc npHMeHHMOCTH BToporo 6op- 



HOBCKoro npH6jiH>KeHHH k npoGjieMe yzjapHoft HOHH3aHHH no^poGHo paccMOTpeH b 
BTopoii 6opHOBCKHii HjieH b aMnjiHTyzje nepexo^a ^aeTca BBipaxceHHeM j|| 

, 1 ^ f dk (k a f\V\kn)(kn\V\kii) 



68fl. 



(27i) 3 kf/2 + E -k 2 /2-E n + 



IE 



r^e \kii) = |e lki " r °^(ri, r 2 )), |k a /) = \e lka ' r °ip f (r 1 , r 2 )) h |kn) = \e ik ' ro ip n (r 1 ,r 2 )) npe^cTaB- 
jiaiOT HanajiBHoe, KOHenHoe h npoMe>KyTOHHoe coctohhhh cncTeMBi. 3^ecB Eqw E n — 3Hep- 
thh HanajiBHoro h npoMexcyTOHHoro coctohhhh MHHieHH. /Jjih ynpoineHHii BbiHHCJieHHft b 5| 
Hcnojib30BaHo npnGjiHJKeHHe 3aMBiKaHH3 fljia cpyHKHHH TpHHa (cm. (59] h ccbijikh b stoh pa- 
6oTe), KOTopoe coctoht b 3aMeHe E n b 3HaMeHaTejie Ha HexoTopoe E t , o^HHaKOBoe rjik Bcex 

KaHajIOB . 3TO n03BOJIHeT HCnOJIb30BaTb COOTHOHieHHe nOJIHOTBI Y2 n V'n( r )V'n( r/ ) = <5( r — r ') 

h nojiyHHTB BBipaaceHHe 

f2B - ~^ fl J (2nrkf/2 + E -ky2-E t + l e m - 

B pe3yjiBTaTe cpaBHeHHH c o6ihhm BBipa>KeHHeM ^jih aMnjiHTyznj / 2 s = (-0/|//2s|V J i) 
mojkho 3anncaTB onepaTop B03Myui;eHHH rjik BToporo 6opHOBCKoro HjieHa KaK 

i_ r dk (k^jkKkjv^ 

^ 2B 2ix] (2ir) 3 kf/2 + E -k 2 /2-E t + ie' { } 

B paMKax npnGjiHJKeHHH 3aMBiKaHHH pe3yjiBTaT He ^ojiaceH 6bitb nyBCTBHTejieH k koh- 
KpeTHOMy BBiGopy E t , ecjin E t 6jih3ko k SHeprnn ^OMHHHpyioiHero npoMeJKyTOHHoro Ka- 
Hajia. B paGoTe pj sto 6bijio npoBepeHo nyTeM BbiHHCJieHHH MHoroKpaTHoro ^ncpcpepeH- 
HHajibHoro ceneHHH (M,U,C) rjiz HecKOJibKHX 3HaneHHH E t G (Eo,Ef), r^,e Ef — SHeprHH 

KOHeHHOrO COCTOHHHH MHHieHH. IlpH 3TOM 6bIJIO o6Hapy>KeHa He3aBHCHMOCTb MJiC OT Ef, 

hto onpaB^biBaeT Hcnojib30BaHHe npnGjinxceHHs: 3aMbiKaHHH. 
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J\jik pacneTOB |5 ncnojib30BajiocB BBipajKeHne E t = Eq + ki(ki — k s )/2 ~ (Eq + Ef)/2, 
npe^jioaceHHoe b [50].IIpH yuapHoii noHH3annH Gbictpbim sjieKTpoHOM noTeHipiaJiBHaH 3Hep- 
rna B3aHMo^elicTBH5i Meacfly HajieTaromnM 3jieKTpoHOM n MHineHtio H 2 b aTOMHBix e^HHHijax 
^aeTca BBipaaceHneM 

nro , ri , r2)= i + 1 



|r x -ro| |r 2 -r | |R/2-r | [R/2 + r | ' 
C noMombio aHajiHTHiecKoro BbipaaceHHa fljia MaTpnnHoro 3jieMeHTa (k|V|k'), onepaTop 
(}5T)j) mojkho Bbipa3HTb nepe3 



W(k i ,K;r 1 ,r 2 ) 



dk |^J2 exp(iq 2 r 2 )^exp(iqr 1 ) 



2tt J (2tt) 3 k 2 j2 + E - k 2 /2 -E t + ie 
exp(zKr 2 ). 



-X(k t ,K ;ri -r 2 ). (51) 



ix 2 h 

3^,ecb BBe^eHbi BeKTopbi npoMexcyTOHHon nepe^ann HMnyjibca q = kj— k, q 2 = k— k s = K — 
q. HHTerpaji X(kj, K; r) ^aeTca (JwpMyjion f lBlj) . IIo,hpo6hocth npone,n;ypbi HHTerpnpoBaHHJi 
npHBe^eHbi b npHjioaceHnn [B] 

Henocpe^cTBeHHoe npnMeHeHne b onepaTope B03MyineHna: cooTHonieHnn (148]) , (149]) n (15T]) 
Heyn;o6Ho b cxrynae HeopneHTHpoBaHHbix MOJiexyji, Tax kbr hx ncnojib30BaHne TpeGyeT pe- 
nieHHa ypaBHeHna (HIT) ^jih Kaac^on opneHTannn R. 

OoTOHOHH3an;HOHHBiH onepaTop B03MyineHns: ( 148]) mojkho Bbipa3HTb nepe3 E- n II-BojiHbi, 
cooTBeTCTByiomne HanpaBjieHH3M nojiHpn3annn na^aiomero nsjiyneHna: b^ojib h nonepeK 
MOJieKyjiapHoii och. PeniHB (I4T]) ^jih KaJK^ofi 113 sthx cnTyannn no OT^ejiBHOCTH h nojiy- 

HHB aMnjIHTy^BI HOHH3anHH, iepe3 MX MOJKHO BBipa3HTB aMnjIHTyny flJIS npOH3BOJIBHOrO 

HanpaBjieHHa MOJieKyjiapHon och 43]. 



IQ3] 



IlepBBiH 6opHOBCKHli onepaTop ( 1491) mojkho BBipa3HTB nepe3 pa3Jio>KeHHe njiocKoft bojihbi 



103] B BBIT3HyTBIX C(J)epOH^ajIBHBIX Koop^HHaTax 



00 00 



exp(iKr)=4?r 2^ 2^ T* KLM (cos6 KR ,(p KR )i T KLM (v,^)}e ML (c^) , (52) 

M=-oo L=\M\ 

r^e 6kr, ^Pkr — yr-?™, saflaiomHe HanpaBjieHHe BeKTopa nepe^anH HMnyjibca K b chctcmc 
Koop^HHaT, npHB5i3aHHoii k HanpaBjiemiio MOJieKynapHon och, je ML (c, £) — sjijinnTHnecKasi 
(|>yHKnHa: Beccejia. YpaBHeHHe ( I4T]) peinaeTCH ^jia Ka>K^;oro H3 hjichob napunajibHoro pa3- 
jiojKeHHH (152]) no ot^cjibhocth 

K 2 



(H - E)ip^ I (v' 1 ,r' 2 ) = ^- [T KLM {vi,<Pi)}e ML +T KLM {r]2,ip2)]eM L (c,£ 2 )] <A)(ri,r 2 ), (53) 
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b pe3yjit>TaTe nero nojiyiaeTCH napuHajibHas: BOJiHOBaa (pymajuji ^^(r^, r 2 ), r^e r' 12 - 
BeKTopti Koop^HHaT b ciicre-Me, npiiB5i3aHHOH k MOJiexyjie, 0^'||R. H3 3thx napryiajibHbrx 
(pyHKu,Hfl c noMombio BbipaaceHHa (I43p mojkho paccHHTaTB naprpiajibHbie aMnjiHTyzrbi rbovl- 
hoh hohh3 ai^HH f lm ■ A H3 napn;HajibHBix aMnjiHTyn; mo5kho nojiynnTb aMnjiHTy^y nepBoro 
6opHOBCKoro npoijecca fljia: npoH3BOJibHoii opueHTai^Hii MOjieKyjiapHoft och 

flB = ^2 fLM^KLM( C0S ®KRi Vkr)- (54) 
LM 

JJjis. BToporo 6opHOBCKoro HjieHa (l5Tj) aimjiHTHHecKoe pa3Jio>KeHHe no napuHajibHbiM boji- 
HaM OTcyTCTByeT. IIosTOMy fljia Hero npuxo^HTca: ncnojib30BaTb MyjiBTunojiBHoe pa3Jio:ace- 
Hne. B pa6oTe jsj] ynnTbiBajica tojibko GimnnojibHbiH Hjien 

1 

/*2BD(ri,r 2 )= ^ ■M MiM2 (x 1 m 1 +x 2 m 1 )(xim2+X2m 2 ), (55) 

Afi,Af2=-l 

KOTopbiii, npe^;nojio>KHTejibHo, floJiaceH bhochtb Be^ymnfl BKJiafl b ^BofiHyio HOHH3au,Hio. 
3p<ecb x a> ±i = -^(T%a — Wa), x ao = z a , a TeH3op BToporo paHra 

(56) 



M KhM 2 _ d 2 W(r 1 ,r 2 ) 



ri=0, r 2 =0 



Tor^a c noMombio ( 1551) mojkho npe^cTaBHTB (14 lj) b BH^e cucTeMBi H3 ^bhth HecBH3aHHbix 
ypaBHeHHfl 

(H - S)^ M2 (ri, r' 2 ) = -(x' 1Ml + x^ Ml )(x' 1M2 + x'^VoW, r' 2 ). (57) 

H3 napirtfajibHbix (pyHKuiiii ^MiMa c noM 010 ^ 10 BbipaaceHHa f )43p mojkho pacciiiTaTb nap- 
UHajibHbie aMnjiHTy^bi Jm 1 m 2 - OxoHHaTejibHo, aMnjiHTyn,a BToporo 6opHOBCKoro npoijecca 
fljia npoH3BOJibHofi opueHTauiiH MOJieKyjiapHoii och MoaceT 6biTb npe,n;cTaBjieHa KaK 

1 

f 2B = M ,MM (n R )f MlM2} (58) 

Mi,M 2 =-l 

r^;e M! cooTBeTCTByeT TeH3opy, onpe^ejieHHOMy b f )56|) . npeo6pa30BaHHOMy b MOJieKyjiap- 
Hyio CHCTeMy Koop^zumaT npii cpjiKciipoBaHHOH opiieHTauHii R c noMombio (popMyjibi fljia 



KOHTpaBapHaHTHblX TeH30pOB 



60| 



M{,M 2 =-1 
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r^e D l mm ,(a, {3, 7) — D-cpyHKHHH BnrHepa. 3aMeTHM, hto ypaBHeHHe ([57]) Hy>KHO pernaTb 
tojibko fljia neTbipex KOM6nHau,HH (Mi,M2): (0,0), (—1,1), (1,1) h (1 ; 0). Bee ^pyrne 

TM^M MoyKHO BblBeCTH H3 3THX HeTbipeX 3HaHeHHH C nOMOIHbK) CHMMeTpHH OTHOCHT6JIt>- 

ho nepecTaHOBKH sjieKTpoHOB , 0^ Mi (r 1 ,r 2 ) = ^^^(ri, r 2 ) h aKcnajibHofi chmmctphh 
{£im 1 £ 2 m 2 \^l Iu _ M2 } = (l x -mi, £ 2 ,-m 2 \ iPmIm 2 )• 

Kax noKa3aHo b pa6oTe [50], ^nnojiBHoe npnGjiiDKeHiie ^jih BToporo 6opHOBCKoro HjieHa 
b oGmhhom BH^e ^aeT chjibho 3aBBiineHHyio ou,eHKy, nocKOJibKy 3aBHCHMocTb GHjiHHeftHoro 
onepaTopa ( 155]) ot Koop^HHaT cTaHOBHTcsi 3aMeTHo 6ojibine nojiHoro BToporo 6opHOBCKoro 
uieHa f ]5"T]) yace Ha paccroHHHH nopa^Ka pa3Mepa aTOMa. MeTOfl KoppeKHHH, npe^jioxceHHbiH 



50 1, HecoBMecTHM c Hcnojib3yeMOH b |5| npoHeflypoH. rioaTOMy ^nnojibHoe npn6jiH>KeHHe 



Gbijio cKoppeKTupoBaHo ajibTepHaTHBHbiM cnocoGoM. Bbiji BBe^eH TeH3op 

w MiM2 (n,r 2 ) = j jY* Ml {n x )Y* M2 {n 2 )yv{v x ,v 2 )dn x dn 2 . (59) 



,H,HnojibHoe npn6jiii>KeHHe ( 155]) SKBHBajieHTHO 6njiHHeiiHOMy npH6jin>KeHHio 
W MlM2 (r 1 ,r 2 ) ~ ^ L A^ MlM2 r 1 r 2 . Mojkho Hcnojib30BaTb 6HjiHHefiHoe npnGjinxceHHe bh- 
r& ^-Ai 1 2 r x r 2 Taxoe, hto oho tohho coBna^eT c W 1 2 (j"i, r 2 ) rjik HeKOToporo pa^nyca 

r mo i. H3 COOTHOHieHHH 



)v WiW m/w./- /) = Y MMlM2r ™i 



cjie^yeT 



j^MiM 2 _ 3 W 1 2 (r mo i,r mo i) 

LIpH r moi — )■ BbipaaceHHe ( 1ST)]) coBna^aeT c (|5"6"]) . 

B pa6oTe jsj] pa^nyc r mo / 6biji Bbi6paH paBHbiM pa^nycy HaHBticineH BjieKTpoHHoft njioT- 
hocth b HeB03MymeHHofl bojihoboh cpyHKH,HH, KOTopaa: paBHa npaBoii HaCTH (n.H.) (l57j) . TO 
ecTb MaKCHMyMy BbipaaceHHS |[n.H. (l57] )]| 2 r^ro. C Hcnojib30BaHHeM HeKoppejinpoBaHHofi Ha- 
HajibHofi cpyHKH,HH ^j(r 1; r 2 ) = (/? 1 (r 1 )(/? 1 (r 2 ) nocjie ycpe^HeHHH no yrjiaM b |5| r mo i Gbijio 
nojiyneHO H3 ycnoBHH 



d_ 

dr 



r 4 (p {tptWdn 



= 0. 



JXjir He c Hcnojib30BaHHeM o^HOBKcnoHeHHHajibHoii cpyHKHHH y?i(r) ~ exp(— (r), ( = 27/16 
Gbijio nojiyneHo r mo i = 1.19. J\jik H 2 Gbijia Bbi6paHa cpyHKHHH KoyjicoHa v?i( r ) ~ exp ( — C I r — 



29 



R/2|) + exp(— (\r + R/2|), ( = 1.197; npn stom nojiyHHjiocB r mo i = 1.76. IIo^HepKHeM, hto 
HeKoppejiHpoBaHHbie cbyHKHHH HcnojiB30BajiHCB b [5] tojibko rjik ou,6hkh r mo i . ITpn penieHHH 
ace ypaBHemia ( |57|) HcnojiB30BajiacB nojiHocTBio KoppejinpoBaHHaa HanajiBHas: cbyHKHHH 
(cm. no^poGHocra b j4|). 



C. HHCJieHHbie pac^eTM h cpaBHeHHe c flpyraMH pa6oTaMH 

B (4 1 c noMom;Bio BHenmero KOMnjieKCHoro CKeftjiHHra b ccpepoH,n;ajiBHBix KoopniraaTax 
(PSECS, prolate spheroidal external complex scaling) 6biji BbinojiHeH pacneT flncpcbepeHHH- 
ajiBHBix ceneHHH ^bohhoh cpoTOHOHH3anHH H2. 3to 6bijio c^ejiaHogjia Toro, hto6bi cpaB- 



hhtb PSECS c cymecTByiomHMH TeopeTHHeCKHMH pe3yjiBTaTaMH 



43] BHeniHero KOMnjiexc- 



Horo cKefijiHHra b ccpepHnecKHx Koop^HHaTax 

IOTCS C SKCnepHMeHTajIBHBIMH pe3yjiBTaTaMH 
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CS), KOTopBie, b CB010 onepe^rB, corjiacy- 



30]. KaK mojkho BH^eTb H3 pnc. EJ a, flBe 
KpnBBie, cooTBeTCTByromne 3,3,0 ^jia opneHTnpoBaHHoii MOJiexyjiBi H2, 

<r (3) (w, E u 9 h fa, 9 2 , 2 ; R) = — kifolfQa, k 2 ; R)| 2 , 

c 

b 3aBHCHMocTH ot o^Horo H3 yrjioB BBijieTa, nojiyneHHBie c noMonrtio ECS h PSECS, 6jih3kh 
npyr k flpyry. 

Ho PSECS ^aeT HHTerpajiBHoe ceneHHe a = 2.77 K6apH, a ECS — a = 2.61 K6apH 43] . 



Pa3JiHHHe Mexc^y sthmh flByMH 3HaneHHHMH HaMHoro GojiBine, neM nopa^ox hhcjichhoh 
ohih6kh b PSECS-pacneTax (cm. ripHjioaceHHe |A2|) . O^HOKpaTHoe ^HcpcpepeHHiiajiBHoe ce- 
Hemie (,H,C) -jj^r = | ^ d ^ + 2 d ^ j h BKjia^Bi b Hero E u - h IT u -KOMnoHeHT (h,jih Mojiexyji, 
opneHTnpoBaHHBix napajuiejiBHO h nepneH^HKynapHO nojiHpH3aHHH H3Jiy hchhh , cooTBeT- 
cTBeHHo), noKa3aHHBie Ha pnc. |5l 6, TaKHce ^eMOHCTpnpyioT Taxoe pacxojK^eHHe. MeTOfl 
PSECS ^aeT 3aMeTHo Gojibhihc 3HaneHHH, neM ECS, Tax hto KpnBaa II U , paccHHTaHHaa c 
noMombio PSECS, cbaKTHnecKH coBna^aeT c kphboh nojiHoro 3,C, paccHHTamioro c noMo- 
otbio ECS. 

BepoHTHo, xopornee coBna^eHHe PSECS h ECS fljia yrjioBoro pacnpe^ejieHHH oGtHCHHeT- 

n. 

ch TeM, hto b ECS pacneTax b cTaTBe [43] HcnojiB30BajicH yrjioBofl 6a3Hc c MaKCHMajiBHBiM 
yrjioBBiM MOMeHTOM l max = 7, a h,jih HHTerpajiBHoro ceneHHH — l max = 5. TaKHM o6pa- 
30M, pe3yjiBTaTBi PSECS ^\ TOHHee npn mchbhicm yrjioBOM 6a3Hce (cm. IIpHjioaceHHe I A 21) . 
hto ^eMOHCTpnpyeT npeHMymecTBo HcnojiB30BaHHH ccpepon^ajiBHBix KoopniraaT. BnponeM, 
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Phc. 5: ^ByxKpaTHaa o^HocpoTOHHaH (poTOHOHH3ainifl H2 npn SHeprnii cpoTOHa oo = 75 sB: a) 
3,3,0 KaK (pyHKiina 6\ fljis E\ = 0.8E, 62 = 40°, yrjiu MejKfly HanpaBjieHneM nojiHpH3an;HH h 
MOJieKyjiapHoft ocbk> 9r = 20°, 0ij = 0°; 5) ,11, C KaK (pyHKiiHH SHeprnn BbijieTa £7i (cnjioniHbie 

KpiiBtie) H BKJia^BI Xj w (iIITpHXOBBie KpiiBBie) H 11^ (nyHKTHpHbie KpHBbie) KOMIIOHeHT. TbjICTBie 

KpHBbie — pe3yjibTaTbi PSECS, TOHKiie KpHBbie — pe3yjibTaTbi ECS b ccpepnnecKHx KoopzniHaTax 



pa3JiHHHe MejK^y pe3yjibraTaMH |4J] h pe3yjibraTaMH [43| HaMHoro MeHbiiie oihh6kh cyme- 
CTByiomHX 9KcnepHMeHTajibHbix ^aHHbix fljiH HHTerpajibHoro ceieHHH ^bohhoh hohh3 ainiii 



61 



62] . Bojiee no3^HHe pacneTbi [63|, b KOTopbix Taxace Hcnojib30Bajiiicb ccpepoHnajibHbie 



Koop^HHaTbi, ^ajiH cTpaHHbiii pe3yjiBTaT — 3aMeTHoe oTKjioHeHne ot pe3VJiBTaTOB |43| . ho b 
npoTHBonojio>KHyio cTopoHy no cpaBHeHHio c [4 1 . Eme no3^Hee noHBHjiacb pa6oTa {(34 1 , r^e c 
noMomtio BpeMeHHoro no^xo^a b ccpepoH^ajiBHtix Koop^HHaTax 6bijih nojiyneHbi pe3yjibra- 
tbi, coBna^aromne c [4]. B pa6oTe 12 1 MeTo,n PSECS ncnojib30BaH rjiz nsyneHHH npoHBjie- 
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HH3 ^ByXIjeHTpOBOH HHTepCpepeHUHH B O^HOCpOTOHHOH ^ByXKpaTHOH HOHH3aU,HH MOJieKyjIbI 

Bo^opo^a c HepaBHOBecHBiM paccTOHHueM Meac^y srp&mh. 

/Jjia ^eMOHCTpaijHH pa3jiHHHa KoppeKTHpoBaHHoro h HeKoppeKTiipoBaHHoro GrmnnojiB- 
Horo BToporo 6opHOBCKoro Hjiena b [5j npoBe^eH pacneT 3,2,0 HOHH3an;HH-B036y)K,neHHa 
aTOMa rejiHH sjieKrpoHHBiM yn;apoM c o6pa30BaHiieM ocTaTOHHoro norm b B036yjK^eHHOM 
cocToaHHH n = 2 npH napaMeTpax sKcnepuMeHTa 66|. B Q PSECS MeTo,n; c onepaTopoM 



B03Mym;eHH2, co^epxcaiUHM nepBBiil 6ophobckhh Hjien (H9|) h BTopofi 6ophobckhh Hjien f )55|) 
b opnrHHajiBHOM Gn^iinojiBHOM npn6jiH>KeHHii (to ecTB Kor^a b cooTHorneHne (158]) bxo^ht 
TeH3op (I5T)]) ) oGosHanaeTca ECS-2BD, a Kor^a b (155]) Hcnojib3yeTca cKoppeKTupoBaHHBifi 
TeH3op (IBT)]) — ECS-2BCD. KpiiBBie 6e3 yneTa BToporo 6opHOBCKoro Hjiena o6o3HaroTC2 
ECS-1B. Ha puc. npoBo^HTca cpaBHeHne pe3yjibTaTOB, nojiyneHHBix MeTo^aMH PSECS h 
CCC c yneTOM BToporo GopHOBCKoro uieHa b Ghhhiiojibhom npnGjiHJKeHUH (CCC-2BCD) 
H3 pa6oTBi |so|, a Taxace mcto^om -R-MaT pni iBi c nceB^ococToaHHJiMH c yieTOM nojmoro 
BToporo 6opHOBCKoro HjieHa (i?MPS-2B) 69]. Bh^ho, hto Haniii pe3yjiBTaTBi ECS-2BCD 



oneHB 6jih3kh k pe3yjibTaTaM CCC-2BCD, HecMOTpa Ha to, hto mbi ncnojiB3yeM coBep- 
rneHHo ^pyrofi noflxofl k KoppeKuiiii 6ii,n;HnojiBHoro npn6jiH>KeHH5i. O^Haxo H3 cpaBHeHHs c 
SKcnepHMeHTajiBHBiMH ^aHHBiMH h c KpHBofi i?MPS-2B hcho, hto GimnnojiBHoro ripn- 

6jIH>KeHH5I He^OCTaTOHHO, HT06BI BOCnpOH3BeCTH nOJIOJKeHHe MaKCHMyMOB 3,110, H, CJie^OBa- 

TejiBHo, MOJKeT noTpeGoBaTBCH yneT ^pyrnx hjichob MyjiBTunojiBHoro pa3JiojKeHHH BToporo 
6opHOBCKoro HjieHa. 

B 0, Q 6biji npoBe,n;eH pacneT neTBipexxpaTHoro ^HCpcpepeHirHajiBHoro ceneHHJi (4,11,0) 
o^E,, ft, 4„E U E„ lM= dQ J° dEA = / ^ 

^BoflHofi HOHH3au,HH H 2 yuapoM 6BicTporo sjieKTpoHa cjiynafiHo opueHTupoBaHHBix mo- 
jieKyji. Bbijia BBi6patia Ta ace ^HHaMHnecKaH cuTyauiui, hto h b sKcnepuMeHTe Jfi5|: 9Hep- 
rusi HajieTaiomero sjieKTpoHa nojiarajiacB Ei = 612 sB, sHeprna pacceHHHoro sjieicrpoHa 
E s = 500 3B, yroji paccearurH 8 S = 1.5°, periicTpupyeTca tojibko o^hh H3 BBijieTarorrnrx 
3jieKTpoHOB, HMeiomHli BHepmio Ei = 51 sB. 3aKOH coxpaHeHHa SHeprnn no3BOJiseT 3kc- 
nepuMeHTaTopaM bbihhcthtb SHepraio HeHa6jno^aeMoro BBijieTaiomero 3jieKTpoHa E2 = 10 
sB. 

IlaTHKpaTHoe ^HCpcpepeHiriiajiBHoe cenemie (5/JC) HOHH3an;HH HeopneHTHpoBaHHofl mo- 
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Ei = 675 3B 



0.004 



— ECS-2BCD 

— ECS-2BD 

— ECS- IB 

-- CCC-2BCD 
-- RMPS-2B 
3Kcn. 




6 e , rpaa 



Ei= 1585 eV 



0.004 



0.003 



.0.002 



0.001 
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Phc. 6: 3,U,C yn,apHoft HOHH3au,iiH He c B036yjKfleHneM ocTaTOHHoro HOHa b 3aBHCHMOCTH ot 9 e : a) 
aHepriia pacceaHHoro sjieKTpoHa E s = 570 aB, yroji pacceflHira 6 S = —4°, aHepriia BbijieTeBinero 
ajieKTpoHa E e = 40 sB; 6)E S = 1500 bB, S = -4°, E e = 20 sB. PesyjibTaTBi ECS-2BD (toh- 
Kaa cnjioniHaa KpHBaa), ECS-1B (inTpiixoBaa KpuBaa), CCC-2BCD [50j (nyHKTHpHag KpuBaa), 



i?MPS-2B 



69| (niTpHX-nyHKTHpHaa KpHBaa), SKcnepiiMeHTajibHbie flaHHBie 



66| (KpyjKKn). 



jiexyjibi (puc. [7j) 



a 



dtt s dE 1 dtt 1 dE 2 dtt 2 

BbiHHCJiHjioct. nyTeM HHTerpupoBaHHH no HanpaBjieHHio MOJieKyjiapHofl och 5/J,C hohh3 auHii 
opiieHTiipoBaHHoli MOJiexyjibi 



a®{Ei, 6s, (f> 8 , E u e u <f>i, E 2 , 6 2 , 2 ; R) 



hk 2 k & 



l/Ck^ka.KjR)! 2 . 



CpaBHeHHe pe3yjiBTaTOB PSECS c 3KcnepHMeHTajiBHBiMH ^aHHBiMH [65] h pe3yjiBTaTa- 



33 




Phc. 7: 5,3,0 fljis flByxxpaTHoii ya,apHoft HOHH3aii,iiH HeopneHTHpoBaHHoro H2 KaK cpyHKipiH yraoB 
HcnycKaHHH 9\ h #2 npn Ei = 612 aB, 9 S = —1.5°, E s = 500 sB, i^i = 51 aB, paccnuTaHHoe c 
noMoru,bK) PSECS c yneTOM 6n,n,HnojiBHoro BToporo 6opHOBCKoro HjieHa. 



mh TeopeTHHecKHx pacneTOB c npuMeHemieM npnGjinaceHHofl 3C-cpyHKHHH 38] noKa3aHo Ha 
pnc. [HJ 3KcnepHMeHTajit>Hi>ie ^aHHbie [65] nojiyneHBi b npoH3BOjitHL»ix e^HHHijax. IIo3TOMy 
b (4, 5 1 hx HopMHpoBajiH Tax, hto6bi ^o6htbc3 HanjiyHiiiero BH3yajiBHoro coBna^eHna c 
kphbbimh PSECS. KaK noKa3BiBaeT pnc. [HI BTopofi 6ophobckhh Hjien b Gh^hhojibhom npn- 

6jIH>K6HHH He BHOCHT CyH];eCTB6HHOH KOppeKHHH no CpaBH6HHK) C nepBBIM GopHOBCKHM npH- 

6jiH>KeHHeM, b nacTHocTH, coBepHieHHo He MeHseT nojio>KeHHe MaxcHMyMOB pacnpe^ejieHHa. 
IIo-BH^HMOMy, 3to cB5i3aHo c TeM, hto HMnyjiBc, nepe,n;aBaBaeMBiH MOJiexyjie npn KajK^oM 

H3 A B Y X B3aHMO^eHCTBHH C HajieTaiOIHHM SJieKTpOHOM, npH HCnOJIB30BaHHH Gn^HnojiBHoro 

npH6jiH>KeHHH cpaKTHHecKH nojiaraeTca paBHBiM Hyjno. 
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• 3K01. 
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Phc. 8: 4^C fljia (e,3-le)-npouecca Ha HeopneHTupoBaHHOM H2 KaK (pyHKn,HH 6\ npn E{ = 612 
3B, 6 S = —1.5°, E s = 500 sB, E\ = 51 sB. Pe3yjibraTbi, nojiyHemibie c noMombio PSECS c 
yneTOM 6n,a,imojibHoro BToporo 6opHOBCKoro HJieHa (TOHKaa cnjionmaH KpHBaa), c KoppeKTiipo- 

BaHHBIM 6HflHnOJIBHBIM BTOpBIM 6opHOBCKHM HJieHOM (TOJICTaa CIIJIOIIIHaH KpiiBaa) , H TOJIBKO C 

nepBbiM 6opHOBCKHM HjieHOM (iiiTpuxoBaa KpHBaa). TaKJKe noKa3aHBi pe3yjibTaTbi 3C pacneTOB c 



65| 



yneTOM BToporo 6opHOBCKoro HjieHa [38] (nyHKTHpHaa KpHBaa) h SKcnepuMeHTajibHbie flaHHbie 

(KpyjKKIl) . 

IV. MeTOfl conyTCTByiom,Hx KOopflHHaT flJiH peineHHH BpeiweHHoro ypaBHeHHH Illpe- 
flHHrepa 



Ha^HeM c BpeM6HHoro ypaBHeHHH HIpe,n;HHrepa 

,9V(r, t) 



Of 



iT (r)V(r,t). 



3^ecb raMHjit>TOHnaH 



1 



H (r) = --V 2 + U(r) 



(61) 



(62) 



nojiaraeM He 3aBHcam,HM ot BpeMemi, T.e. paccMaTpHBaeM cHTyaHHio nocjie npexpameHHa 
BHeniHero B03,n;eHCTBHH Ha cncTeMy. 

PenieHHe ip(r, t) ypaBHeHHH (IBTT) mojkho pa3Jio>KHTb no coGcTBeHHBiM cpyHKHHHM chctcmbi 

- i E n 1 m t 



nlm 



(63) 



3^,ecb E = k 2 /2, v?k(r) — - bojihobbic cpyHKHHH cnjioniHoro cneKTpa MHHieHH, HopMHpoBaH- 
Hbie KaK 



35 



C)yHKHHH CB5I3clHH£>IX COCTOHHHH MHHieHH. 



CorjiacHo 70|, b cjiynae ecjin noTeHirnaji U(r) — KopoTKo/j;eHCTByioriiHH, acHMnTOTHne- 
CKoe peineHHe ecTb 

1 



ip{r — t- oo, t — > oo) 



exp 



i r 2 \ 
2~T) 



C(ko) 



(64) 



r^e 



»- = 

npe^cTaBjiaeT cTanHOHapHyio TOHKy HHTerpajia b f )63|) , N e — kojihhcctbo HcnymeHHBix npn 

HOHH3aHHH SJieKTpOHOB. 

Ecjih noTeHu,Haji co^epxoiT jj;ajiBHOij;eHCTByiorixHH KyjioHOBCKHfl noTeHirnaji, to ecTB 

Z 

r 



U(r ->■ oo) 



to acHMriTOTHiecKoe peineHHe npHHHMaeT bh,h 

1 



ip(r — >• oo, t — > oo) 



(65) 



rjj;e CTanHOHapHyio TOHKy HHTerpajia ko npnGjinaceHHo mojkho onncaTB BBipaaceHHeM 



k = k e - Z- 



r,n;e k e = r/t — HMnyjiBC sjieicrpoHa Ha Gojibhihx paccTOHHHHX ot Henrpa. 

HncjieHHoe npej^cTaBjiemie ip(r,t) CTajiKHBaeTca c npo6jieMaMH, CBH3aHHBiMH c KOHen- 
hbim pa3MepoM npocTpaHCTBeHHofl ceTKH. Korjj,a bojihoboh naxeT pacnpocTpamieTCJi b Tene- 
HHe fljiHTejiBHoro BpeMeHH t, KOMnoHeHTa bojihoboh cpyHKUHH, OTHOCHnxaHCH k cnjioniHOMy 
cneKTpy, pacninpiieTCH h OTpaxcaeTca ot rpaHHHBi ceTKH KOHeHHoro pa3Mepa. Bojiee toto, 
upocTpaHCTBeHHBiH rpa,THeHT (pa3Bi B03pacTaeT co BpeMeHeM, Tax hto BOjiHOBaa 4>vhkhh5I 



CTaHOBHTCH CHJIBHO OCITHJIJIHpyiOIHeH. HtoGbI H36e>KaTB 3THX Tpy/XHOCTeH, Chtkh 

jiojkhji HcnojiB30BaTB 3aBHC5iiHee ot BpeMeHH MacniTaGHoe npeo6pa30BaHHe [72] 

r = a{t)t 



71| npejj;- 



(66) 



rjj;e $, — BeKTop conyTCTByroiHHx Koop^HHaT, a a = a(t) — MacniTa6HBiH mho^khtcjib, koto- 

pBIH 3aBHCHT TOJIBKO OT BpeMeHH. 

<J>H3HHecKH flaHHBiii npneM 03HaHaeT pacninpeHHe Koop/XHHaTHOH ceTKH BMecTe c bo3hhk- 
ihhm npn hohh3 aHHii bojihobbim naxeTOM. Hy>KHo oTMeTHTB, hto BnepBBie oh 6biji npeja;- 



jioaceH b pa6oTe 



72j ,ziji5i KoppeKTHoro a/XHa6aTHHecKoro npe,ncTaBjieHH5i TpexnacTHHHOH 
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KyjioHOBCKofi 3a,n;aHH. B paMKax aTOMHoii cpH3HKH oh 6biji 3aTeM pacnpocTpaHeH Ha ,n,HHa- 
MHKy HOHH3an;HH npn ctojikhobchkhx aTOMOB c ^pyrHMH aTOMaMH h HOHaMH (73 1, B3aH- 
Mo^elicTBHa aTOMOB h MOJiexyji c sjieKTpoMaraHTHBiMH HMnyjiBcaMH [71I . [7^ 1 h, HaKOHen;, 
yuapHoii o^HOKpaTHofi h ^ByKpaTHofi noHH3anHH rejiHs jl, 8|. IIo^o6hbih noflxofl ncnojiB3o- 
Bajica TaKJKe b <pn3HKe njia3MBi fljia: BaKyyMHoro pacninpeHHH KjmccnnecKOH oflHOMepHoii 
GeccTOJiKHOBHTejiBHOH ^ByxKOMnoHeHTHOH njiasMbi, a TaKJKe KBaHTOBoro sjreKTpoHHoro ra- 



sa B njIOCKOH reOM6TpHH 



75 



76] . KpoMe Toro, oh npHMeHajica b KBaHTOBofl onTHKe rjik 



771 . 178] h ,n;a:>Ke b acTpocpH3HKe 



mis 



79|. 



cBo6o^,Horo pacniHpeHHH KOH^eHcaTa Bo3e-3HHHiTeHHa 

OnHCaHHH CBOHCTB nO^oGHH H 3aKOHOB MaCHITa6HpOBaHHH flJIH H3JiyHaK>UIHX JKH^KOCTeil 

A^anTHBHBie C6TKH npHMeHHioTca: b HejiHHeHHoii onTHKe fljia onncaHHH pacnpocTpaHeHHH 

CBeTOBBIX nyHKOB H HMnyjIbCOB C CHJIBHO H3MeH3K)Hl,HMHCa B HDOHeCCe 3BOJHOHHH npOCTpaH- 



CTBeHHBiMH h BpeMeHHBiMH MacrnTa6aMH (cm., HanpHMep, 80j]). O63op pa^a npHMeHeHHH 



fill- 



MeTo^a conyTCTByioiHHX Koop^HHaT npHBe^eH b 

IIo^cTaHOBKa ( 1661) bo BpeMeHHoe ypaBHeHHe IIIpe^HHrepa (IBTj) ^aeT ypaBHeHHe, co^epaca- 
mee nepBBie npoH3Bo^HBie no Koop^HHaTaM h njieH c mhhmoh KOHCTaHTofl. MtoGbi npHBecTH 
ero k BH^y, aHajiornnHOMy ncxo^HOMy BpeMeHHOMy ypaBHeHHio IIIpe^HHrepa, Heo6xo^HMO 
c^ejiaTB 3aMeHy bojihoboh cpyHKHnn 



(67) 



r,n;e a = % h \l/(£, t) — "nnjioTHaa BOJiHOBaa cpyHKHHs" peuieHHs ^(r, t), ynpBjieTBopaioinaH 



BpeMeHHOMy ypaBHeHHio rnpe^HHrepoBCKoro rana 



221 



4m t) 



(68) 



SaMeTHM, hto ecjiH a > 0, to cneKTp onepaTopa b KBa^paTHBix cKoGxax hhcto ^ncKpeTHBin. 
3to cHHMaeT TeopeTHnecKHe Bonpocbi no noBo,zry npaBOMepHocTH npnGjinaceHnH KOHTHHy- 

yMa KOHeHHBIM HaGopOM 6a3HCHBIX (pyHKHHH. 

PaccMOTpHM MacniTa6HBiH napaMeTp, jiHHeftHO pacTyinnn b acHMnTOTnnecKOH o6jiacTH: 



a{t — > 00) = hoot; doo > 0. 



(69) 



CpaBHHBasi ( 16511 h (1671) , npHxo^HM k acnMTOTHnecKOMy BH,zry nnjioTHOH (pyHKHHH npn 6ojib- 
ninx t Q 



*(&t) = (-m oo ) 3Afe / 2 C(k )exp I if ln2£; e 2 t 



(70) 
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rae k e = d£. TaKHM o6pa30M, npocTpaHCTBeHHoe pacnpeflejiemie hhjiothoh bojihoboh cpyHK- 
hhh ^(^ t) npn Gojibhihx t npocTO nponopnHOHajibHO HMnyjibCHOMy pacnpe^ejiemiio aMnjiH- 
TyuBi HOHH3an;HH. 3to, BnponeM, oieBHJXHO h H3 KjiaccHiecKHX coo6pa:>KeHHH: 3a BpeMH t 
sjieKTpoH yjieTaeT ot H,eHTpa Ha paccTosiHHe r = k e t. Ilpn stom tohkb, cpHKcnpoBaHHas b 
conyTCTByiomHX KoopflimaTax, b o6bihhbix Koop/xiiHaTax Toace paBHOMepHO yn;ajiaeTca ot 
Hanajia Koop/xiiHaT, Tax hto b conyTCTByroiHHx xoop^HHaTax yjieTaromiiH sjieKrpoH 6yn,eT 

CTpeMHTBCH K COCTOHHHK) HenOJXBHJKHOCTH. 

SaMeTHM, hto npeo6pa30BaHHe ( 167|) yn;aji5ieT H3 bojihoboh cpyHKHHH KBaixpaTHHHyio cpa- 
3y, 6bicTpo pacTyuxyio c yBejinneHHeM BpeMeHH. KaK cjie/xyeT H3 (170 p . npn HajiHHHH Kyjio- 

HOBCKOrO nOTeHHHajia 3aBHCHMOCTb (pa3bl nHJIOTHOH CpyHKHHH OT BpeMeHH COXpaHHeTCH, HO 

nocKOJiBKy 3Ta 3aBHCHMocTb jiorapncpMHHecKaH, cymecTBeHHbix npoGjieM fljia hhcjichhbix 
pacneTOB sto He Bbi3biBaeT |74j . 

IIpe^cTaBjiHeT HHTepec CKopocTb cxojxhmocth KBa^paTa MO/xyjiH bojihoboh cpyHKHHH k 
KBa^paTy Mo/xyjiH aMnjiHTyzrbi HOHH3auiiH (kotopbih nponopuHOHajieH ^HcpcpepeHHiiajibHo- 
My ceneHHio). IIpH £ 3> Rb/a(t), rp<5 Rb — thhhhhbih pa^nyc CBH3aHHbix coctohhhh CHCTe- 

Mbl, 



r/re Ri — pa^nyc BojiHOBoro naxeTa pp pacninpeHKH. 

A. IIpHMeHeHHe MeTOfla conycTByromnx KOopflHHaT k pacneTy HOHH3aii,HH aTOMa 
rejiHH 

PaccMOTpHM npHMeHeHHe stoto no^xo^a fljia: ,zrByxKpaTHOH HOHH3auHH aTOMa rejiHH o,a;- 
hhm (potohom. B 3TOM cjiynae, T.e. ji,jih flByx sjieKTpoHOB b nojie Heno^BHJKHoro H^pa, 
vp. (l68|) HMeeT bhjj, 




'oo 



(71) 




(72) 



3^,ecb h 12 {t) — oji;H03JieKTpoHHbie raMHjiBTOHHaHbi b conyTCTByroiHHx Koop^HHaTax, 



Jlerxo noKa3aTb (82], hto ecjiH peniHTb ypaBHeHHe (1721) c HanajibHbiM ycjiOBHeM 




(73) 




(74) 
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r^e v?o( r i, r 2) — BOjiHOBaa (pymcuiia HanajibHoro coctojihhsi, e — HanpaBjiemie nojiapH3a- 
ihth na^aiomero H3Jiy HeHHH , to KoscpcpHirneHT pasjioacemiH C(k) b (163|) 6yn,eT coBna^aTB c 
aMnjiHTy^oii o^hocpotohhoh HOHHBainiH b Koop^HHaTHoft Kajin6poBKe. 

JJ^a ^ByxKpaTHofl hohh3 auiiii (potohom c sHepriieii u = E + J^i (Jdi — noTeimHaji 
^bohhoh HOHH3an;HH, E — nojiHaa aHeprrm ^Byx BBijieTeBrnnx sjieKTpoHOB) ceneHne ^aeTca 
(popMyjiott 

4 ^ 

4 3) (fii,^ 2 ,fi2) = -^fc^d" 6 lim ^(kx/aoo,^/^^)! 2 . 

C t—>-oo 
Ce^eHHe O^HOKpaTHOft (pOTOHOHH3aUTIH 

. 2 

a«(na) = -^ 2 d" 3 lim a 3 / 2 (t) | ( Vn im(a(t)^)m^, k 2 /doo, t))| 2 , 

C t— >oo 

T^e (^ n z m (r) — BOJIHOBaSI CpyHKITHSI OCTaTOHHOrO HOHa. 



B pa6oTax [6 



ll| HcnojiB30BajiC5i MacniTaGHBifl MHOJKHTejib b BH^e 



"(*)=< !: > (75) 



[l + 7 2 (*-W) 2 ] 1/2 , 



r^e tj n j — BpeMa oKOHnaHns BHeniHero B03^eflcTBH5i Ha aTOM. Ilpn TaxoM Bbi6ope doo = 7, a 
nepexofl k pacnriipeHHio npoiicxo^HT rjia^KO. npeiiMymecTBOM ^aHHoro KOHKpeTHoro bbi6o- 
pa a(t) (xoth h MajiocymecTBeHHBiM) sbjihctch to, hto a(t)/7 coBna^aeT c 3aBHCHMocTBK> 
ot Bp6M6HH pa^nyca cBo6o^Horo rayccoBoro BojmoBoro naxeTa c HaiajiBHBiM 3HaieHii6M 
I/7. 

OCHOBHBIM flOCTOHHCTBOM MeTO^a COnyTCTByroiTJTIX KOOpflHHaT B npHJIOJKeHHH K BBIHHC- 
JieHHK) O^HOCpOTOHHOfl <pOTOHOHH3ai]Tffl 5IBJI5ieTC3 B03MOJKHOCTB IIOJiyHeHHa MHOrOKpaTHOrO 

^H(p(pepeHn;HajiBHoro ceneHHH hohh3 aixiiii fljia: Bcex 3HaieHHH sHeprnn na^aiomero cpoTOHa 
3a o,h;hh nporoH nporpaMMbi. B pe3yjiBTaTe nojiynaeTcs HenpepBiBHaa 3aBncnMocTB ^ncpcpe- 
peHU,HajiBHoro ceneHHa ot SHeprnn, Tor^a KaK flpyrne ninpoKO pacnpocTpaHeHHBie ab initio 
MeTo,n;bi no^pasyMeBaioT oT^ejiBHoe BBiHiicjieHiie rjisl KajK^oro 3HaHeHna sHepriiH. JJpT&jm 
HHCJieHHofl cxeMBi fljia peineHHH flByxsjiercrpoHHoro BpeMeHHoro ypaBHeHna LQpe^HHrepa 

CM. B npHJIOJKeHHH IA 31 

CymecTByeT, o^Haxo, BbiHHCjiHTejibHaa TpynriocTB, cBa3aHHaa: c ncnojiB30BaHiieM co- 

nyTCTByKUHHX KOOp^HHaT: B 3THX KOOp^HHaTaX pa3Mep CBH3aHHBIX H O^HOKpaTHO HOHH- 
3IipOBaHHBIX (cB33aHHBIX IIO OflHOft KOOpflHHaTe) COCT05IHHH y6biBaeT co BpeMeHeM, TaK HTO 

pa^najiBHoe KOHeTHo-pa3HocTHoe npnGjinxceHne (cm. npujioaceHne IA 3P b kohcthom cneTe 
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ct&hobhtcs njioxHM. ^jiii jho6bix npaKTHnecKH flocTHJKHMbix napaMeTpoB ceTKH xapaKTep- 
HtiH pa3Mep ocHOBHoro coctohhhh CTaHOBHTca MeHBine inara ceTKH 3a,n,ojiro pp Toro, kbr 
^ocTHraeTca cxojxhmoctb ceneHHH. B KanecTBe HjijnocTpaHHH k cxasaHHOMy Ha puc. HU a 
noKa3aHa njioTHOCTB BepoaTHOCTH, npoHHTerpHpoBaHHas: no yrjioBBiM nepeMeHHBiM, b 3a- 

BHCHMOCTH OT pa/XHajIBHBIX KOOpflHHaT flFiJX 3JieKTpOHOB npn t = t int . Ha pnc. ^ 6 TO JKe 

caMoe pacnpe^ejieHHe noKa3aHO npn 6ojibihom t. "BoKOBbie CTernai" cooTBeTCTByioT o,h,ho- 

KpaTHO HOHH3HpOBaHHBIM COCTOHHHHM, a IIHK B6jIH3H H,eHTpa — CBH3aHHBIM COCTOHHHHM. 

OcTajibHaa rjia/XKan nacTB pacnpe^ejieHHJi oTBenaeT jjByKpaTHo HOHH3HpoBaHHOMy coctoh- 
hhio. BaacHo otm6thtb, hto Rjis KyjioHOBCKHx noTeHUHajioB 3Ta npoGjieMa HecymecTBeHHa, 
Tax KaK cBH3aHHBie coctohhhh KojuiancHpyioT b y3eji, 6jimKaHniHii k H/xpy. 3to He BjinaeT 
Ha ceneHHe jjbohhoh hohh3 ainrn , ochobhoh BKjia/j; b KOTopoe ^aiOT yuajieHHBie y3Jibi. 

BojIBHie BblHHCJIHTejIBHBIX npoGjieM B03HHKaeT H3-3a ^ByKpaTHO B036y>K^eHHBIX (aBTO- 

HOHH3an;HOHHBix) coctohhhh. HncjieHHaH oHin6Ka, pacTymaH c t, c^BHraeT jj;eHCTBHTejiBHyio 

HaCTB SHeprHH TaKHX COCTOHHHH. B pe3yjIBTaTe nOHBJIHIOTCH He(pH3HHeCKHe OCHHJIJIHHHH b 

3aBHCHMocTH ceneHHs o^HOKpaTHOH hohh3 auHH ot sHeprnn BBijieTaiornero SJieKTpOHa. JXjik 
ycTpaHeHHa 3Toro apTecpaKTa b pa6oTe Q mbi nojj;aBjiHjiH sth coctohhhh jj;o Hanajia pac- 

HIHpeHHH KOOp/XHHaT C nOMOIH&K) (pHJIBTpaHHH HCXOJXHOH BOJIHOBOH (pyHKHHH: 

Nfit 

Vfjfiti,*) = eM-Hotfit) l[(Ho ~ E n )^ LM (t int ), 

n=l 

r^e E n - 3HeprHH JjByKpaTHo B036yiK#eHHHX coctohhhh, Nju — hhcjio JjByKpaTHo B036y>K- 
^eHHBix coctohhhh, 3aMeTHo 3aceji5ieMbix bo BpeMs yzjapa. YMHOJKeHHe Ha (Hq — E n ) cyme- 
CTBeHHo yinnpneT bojihoboh naxeT b sHepreTHnecKOM npocTpaHCTBe. fljis KoppeKiniH stoto 
mojkho no^aBHTB BBicoK03HepreTHnecKyio nacTB cneKTpa c noMoinBio sKcnoHeHirnajiBHoro 
MHOJKHTejia, hto jierKo peajiroyeTcs nyTeM pacnpocTpaHemiH b mhhmom BpeMeHH b TeneHHH 
tfi t . Bo Bcex pacneTax b j?] HcnojiB30BajiocB Nfn — 1 h Ei — —0.625 c tfu = 0.2, nero 6bijio 
^ocTaTOHHO, htoGbi c,n;ejiaTb He<pH3HHecKHe ochhjijihhhh npeHe6pe>KHMO MajiBiMH. 

nOCKOJIBKy ^JIHHa BOJIHBI He(pH3HHeCKHX OCITHJIJIHHHH, B03HHKaiOIIXHX H3-3a aBTOHOHH3a- 

hhohhbix coctohhhh, Bcerjxa Toro >Ke nopa^Ka, hto h niar pa^najiBHOH ceTKH h, b pa6oTe 



ll| Hcnojib30BajicH flpyrofi MeTOfl H36aBjreHHH ot hhx. Bmccto (pHjiBTpai^HH ^o pacninpe- 
hhh npHMeHHjiacB (pHjiBTpai^HH bojihoboh cpyHKH,HH nocjie 3aBepHieHHH 3bojhoi];hh nyTeM 

HCKJHOHeHHH KOMnOHeHT C ^JIHHaMH BOJIH MeHBHie, HeM 4h. 

B pa6oTe [7] MeTO,n conyTCTByioHi;HX Koopjj;HHaT (TDS) (time-dependent scaling) b kom- 
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>2 

a 




Phc. 9: PacnpeflejieHiie iijiothocth BepoHTHOCTH o6Hapy»ceHHH ajieKTpoHOB b aTOMe rejiHH nocjie 
ya,apa 6bictpbim 3jieKTpoHOM, npoiiHTerpiipoBaHHoe no yraoBbiM nepeMeHHbiM b 3aBHCHMOCTH ot 
pa/uiajitHtix conyTCTByioiii,HX KoopzuiHaT £1, a ) nocjie ya;apa, ho flo Hanajia paciimpeHUH Koop- 
^HHaTHoft ceTKH (t = 3 a.e.); 6) nocjie paciimpeHHH [t = 1000). 

6HHan;HH c PA1B 6l»ijt Hcnojit.30BaH fljia pacneTa flBofaoft hohh3 ai^iiii aTOMa rejina yzjapoM 
GbicTporo sjieKTpoHa, cm. pa3,neji [TT] h puc. HJ 
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B. Hcnojib30BaHHe paccMHraHHoro 3,ZJC ajih aHajiH3a yrjiOBoii Koppejiau,HH 3JieK- 

TpOHOB B XO,H,e flBOHHOH (pOTOHOHH3ai],HH 



3Hepro-yrjioBa2 3&bhchmoct£> 3,ZJC, nojiyneHHasi c noMombio Hainero MeTo^a, no3BojiaeT 
nojiHo oxapaKTepH30BaTb npoH,ecc ,HcDH. ITpHpo^a nocjie^Hero TaxoBa, hto oh bo3mojkgh 
jihhib Gjiaro^apa HajiHHHio MeacsjieKTpoHHbix KoppejiHHHH, Tax hto aHajiH3 paccHHTaHHoro 
3,3,0 ^aeT bo3mojkhoctb H3yneHH5i 3Toro HBjieHHH. OGmenpHHHTbiM npH6jiH>KeHHbiM aimjiH- 

THHeCKHM nO^XO^OM K paCCMOTpeHHK) BJIHHHHH Me>K3JieKTpOHHbIX KOppejIHHHH Ha ^BOHHyiO 

HOHH3aHHK> 3BjiHeTC5i TeopHH BaHbe. Mbi Hcnojib30BajiH nojiyneHHoe b HHCJieHHbix pacneTax 

3,HC flJIH npOBepKH CJieflCTBHH 3TOH TeOpHH. 

Bojree 50 jieT Ha3a,n BaHbe 



83] noKasan, hto ecjin ^Ba Me^jieHHbix sjieicrpoHa noKH^aioT 
b pe3yjibTaTe ^bohhoh HOHH3auHH nojiojKHTejibHO 3apa:>KeHHbiH octob, to nojiHoe cenemie 
a 3aBHCHT ot nojiHofl sHeprHH sjieKTpoHOB E no 3aKOHy a oc E a , r^e a > 1 3aBHCHT 
tojibko ot 3apa,n;a ocTaTOHHoro HOHa. 3to BbipaaceHHe Gbijio nojiyneHo nyTeM pa3^ejieHH5i 
oKpyjKaiomero hoh npocTpaHCTBa Ha Tpn oGjiacra: 30Ha peaKHHH, H3 KOTopoft cTapTyioT 

SJieKTpOHbl, KyjIOHOBCKaH 30Ha, B KOTOpOH SHepTHH KyjIOHOBCKOrO B3aHMO^eHCTBH5I SJieK- 

tpohob h nojio>KHTejibHoro ocTOBa HaMHoro GojibHie E, h 30Ha cBo6o^Horo flBKHceHHa, r^e, 
HanpoTHB, KHHeTHHecKaa sHeprna 9jieKrpoHOB HaMHoro Gojibine noTeHnnajibHOH. Ltpn stom 

B KyjIOHOBCKOH 30He flBJDKeHHe 3JieKTpOHOB OnHCbIBaeTC2 KJiaCCHHeCKHM o6pa30M. H3 Teo- 

pHH BaHbe TaioKe cjie^yeT, hto HanGojiee BepoHTeH bbijict sjieKTpoHOB b npoTHBonojioxcHbix 
HanpaBjieHHHx. flp He^aBHero BpeMeHH 3KcnepHMeHTajibHOMy H3MepeHHK> Gmjih ^ocTynHbi 
jiHHib nojiHbie ceneHHa ^bohhoh HOHH3auHH, noxa He noHBHjiacb TexHHKa coBna^eHHii [84|. 
no3BOJi5Homa3 H3MepHTb MHoroKpaTHbie ^H(pcpepeHH,HajibHbie ceneHHH, 3aBHCHiHHe ot toto, 
KaK 3HeprHH ^ejiHTca Me^K^y BbijieTaromHMH sjieKrpoHaMH h KaKOBbi yrjibi hx BbijieTa. 3th 
^aHHbie HecyT HHcpopMauHio o KoppejiHHHH Mexc^y sjieKTpoHaMH. 

O^hhm H3 npocTeiiHiHx npon;eccoB, onpe^ejiaeMbix KoppejisHHeft sjieKTpoHOB, HBjiHeTcs 
^BoiiHaH HOHH3an;H5i rejinn o^hhm 4)otohom js5|. Bbijio noKa3aHo hto ecjin na^aiomee 
H3JiyHeHHe jiHHeftHo nojiHpH30BaHo b HanpaBjieHHH och z, to TpexxpaTHoe ^rncpcpepeHHH- 
ajibHoe ceneHHe (3,110) ^bohhoh cpoTOHOHH3auHH aTOMa o^hhm 4)otohom mojkho Bbipa3HTb 
nepe3 cyMMy hcthoh h HeneTHofl aMnjnrryn, 
d 3 a 

, F , n , n = \a g {E 1 ,E 2 ,6 12 ){cos6 1 + cos# 2 ) + a u {E 1 ,E 2 ,8 12 ){cos6 1 -cos# 2 )| 2 , (76) 
ail/i<l\ li<l\ l 2 

rj\e Ei >2 — SHeprHH BbijieTeBHinx sjieKTpoHOB (hx nojiHaa SHeprna E = E\ + E 2 ), B\ 2 
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- yrjibi BtijieTa sjieKrpoHOB oTHocnTejiBHo HanpaBjieHna: nojiapHsannn na^aiomero H3Jiy- 
hchhh, 9 12 — oTHocHTejibHbifl yroji Me>K^;y HanpaBjieHHHMH nx pa3JieTa, a g n a u — neTHas n 
HeneTHaa aMnjinTyzrBi cooTBeTCTBeHHo (nepByio oGbihho Ha3BiBaioT KoppejiannoHHBiM napa- 
MeTpoM). CoMHOJKHTejiH cos 9\ i cos 9<i npe^cTaBjunoT co6oii KHHeMaTnnecKyio KOMnoHeHTy 
3,3,0, hbhbim o6pa30M OT^ejieHHyio b stoh cpopMyjie ot ^zrHHaMnnecKon. KpoMe Toro, npn 
Ei = E2 a u = 0. HeTHyio_aMnjiHTyii;y a g o6bihho Ha3BiBaioT KoppejiHirnoHHBiM napaMeTpoM. 



Cjie^ya Teopnn BaHBe 83] , noTeHirnaji MeacsjieRTpoHHoro B3anMO,n;eHCTBHS mojkho annpoK- 
CHMiipoBaTB KBa^paTHHHBiM hjichom pa3Jio>KeHH5i Teftjiopa no cTeneHaM BejinnnHBi (9 12 — 7r) 
b ce^jioBoii TOHKe (9 12 — 7r, r± — r 2 ), to ecTB noTeHirnajioM rapMOHnnecKoro ocnnjinaTopa c 
nacTOTon, 3aBHcaiu;eH ot rnneppa^nyca R = yr\+ r\. Pay (87| npe^nojioacHji, hto yrjioBoe 
noBe^eHHe bojihoboh (pyHKirnn b6jih3h ce/i,jioBOH tohkh coBna^aeT c bojihoboh cpyHKnneH 
ocHOBHoro coctohhhh rapMOHnnecKoro ocnnjuisTopa fljia Ka>K^;oro 3HaHeHH3 R b npe^ejiax 

KyjIOHOBCKOH 30HBI, a B CB060/XHOH 30He 3Ta 3aBHCHMOCTB "3aMOpa:>KHBaeTC5l" H OCTaeTCH Ta- 

koh yae, k&k Ha rpaHHH,e MeyKpy hhmh. 3to npHBO/xiiT k rayccoBoii cpopivie KoppejiannoHHoro 
napaMeTpa js8| 



a g (E 1 ,E2,9 12 ) ~ Aexp 

c rayccoBoii ninpHHoii 



, (#12 ~ 

-21n2 V 12 „ ; 

T 



(77) 



7 = 7o£ 1/4 , (78) 

rp<e A — nocToaHHaa, a npHBe^eHHaa rayccoBa ninpnHa 70 3aBncnT ot BBi6opa rnneppa,zni- 
yca rpammM Me^K^y KyjioHOBCKofi h cbo6o,2thoh 30HaMH. TayccoBa rnnpnHa xapaKTepn3yeT 
yrjioBoe pacnpeflejiemie KoppejiannoHHoro napaMeTpa: GojiBinaa BejinnnHa 7 o3HanaeT cjia- 
6yio Koppejiannio n Hao6opoT. IIo stoh npnnnHe ^aHHBiii napaMeTp nacTO ncnojib3yiOT fljis 
oneHKH cTeneHH 3jieKTpoH-3jieKTpoHHon Koppejiannn. IIo aHajiornn c noporoBBiM 3aKOHOM 
BaHBe nojmoro ceneHHH, paBeHCTBo f!78|) o6bihho Taxace Ha3BiBaioT 3aKOHOM BaHBe, 
xoTa caM BaHBe He HMeeT k HeMy npsMoro OTHOineHna. 

HecMOTpa Ha to, hto oGjiacTB SHeprnn, b KOTopon cnpaBeflJiHBO BBipaxceHne (|78|) . ^;o 
cnx nop He onpe^ejieHa, n SKcnepnMeHTaTopBi , n TeopeTHKH nacTO ncnojiB3yioT ero npn 
HHTepnpeTannn ^aHHBix, nBiTaacB HaftTH npnBe^eHHyio rayccoBy ninpnHy 70 . Mhojkcctbo 
cpopMyji njia 7 npe/i;jio:>KeHO pa3JiHHHBiMH aBTopaMH 89]. MeyKpy TeM, Ka3aHCKnn n Oct- 
poBCKHn 90] nyTeM ncnojiB30BaHH5i 3aMeHBi nepeMeHHBix, o6ecnennBaiom;eH cBe^eHHe 3a- 



^ann k 3bojhoh,hh BOjmoBoro naxeTa b noTeHi^najie rapMOHnnecKoro ocu;HjijiHTopa nepe- 
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MeHHofi nacroTBi, noKa3ajni, hto ninpHHa naxeTa He Mo>KeT a,n;Ha6aTHHecKH cjie^oBaTb 3a 
H3MeHeHneM nacroTBi ocHHjijiHTopa H3-3a 3aMe,ziJieHH5i sjieKTpoHOB nojieM iinpa. A sto npo- 
THBopeHHT ^onymeHHHM, Ha ocHOBaHHH KOTopBix b 88] 6Bijia BBiBe^eHa (popMyjia (178|) . Ilpn 



yneTe Hea^HaGaTHHHocTH noBe^eHHe rayccoBofl hihphhbi b6jih3h nopora chjibho H3MeHHeT- 
ch. IIpe^nojiojKeHHe o tom, hto npn Majibix 3HeprHHX H3 peaKHHOHHofl 30hbi mojkct bbihth 
bojihoboh naxeT, co^epacan^HH tojibko ocHOBHyio ocnnjuiHTopHyio MO,zry, Taxace HeBepHO, 



90], a g 



712 ) 3aBHCHT OT 



Kax Gbijio noKa3aHo TeMH me aBTopaMH. Cjie^oBaTejiBHo, corjiacHo 

fleTajiefi npoTexaHHs npon,ecca BHyTpn peaKHHOHHofl 3ohbi h mojkct HMeTb HerayccoB bh^ 
^aace npn E — > 0. 

IlepBOHaHajiBHOH MOTHBaniiefl ^eTajiBHoro aHajiH3a [11] xoponio H3BecTHofl h, Ha nep- 
bbih B3rji3^, noH3THoii 3a^;aHH 06 sHepreTHHecKofl 3aBHCHMocTH rayccoBofl hihphhbi Koppe- 
jiHHHOHHoro napaMeTpa rjisl aTOMa rejiHH h rejineno^oGHBix hohob npn hh3khx SHeprnax 
nocjiy>KHjio o6Hapy>KeHHoe b \/o\ HBjieHHe: ^jih oTpnijaTejiBHoro HOHa Bo^opo^a (npoTOH c 
^ByMH sjieKTpoHaMn) b o6jiacTH hh3khx sHeprnft 7 HaHHHaeT pacTH no Mepe y6BiBaHHH 
3HeprHH, hto Haxo^HTCH b hbhom npoTHBopennn c noporoBBiM 3aKOHOM BaHBe. B pacneTax 
fll | HcnojiB30BaH MeTOfl conyTCTByioHi;HX Koop^HHaT ^jih penieHHH BpeMeHHoro ypaBHeHHH 
IIIpe^HHrepa 6|, |7fl , H3Jio>KeHHBiH b pa3^ejie IIVI 

Pe3yjiBTaTBi pacneTa 3,HC 3aTeM HcnojiB30BajiHCB ^jih onpeflejieHHH rayccoBoii hihphhbi 
7. KBa,n,paT Mo^yjia KoppejiHunoHHoro napaMeTpa \a g (E 1 , E 1: #12) | 2 mojkho H3BjienB H3 3,U,C 



c noMomBio ypaBHeHHH (176)) c nocjie^yiomen annpoKCHMauHen BBipaaceHHeM (177)) no MeTqzry 

HaHMeHBHIHX KBajpaTOB |q 1 1 . AjIBTepHaTHBHBIH TIORXOR (92)) OCHOBaH Ha annpoKCHManiiH 



flByKpaTHoro ^ncpcpepeHirnajiBHoro ceneHna (2,3,0) a^{E\, E 2 , 9i 2 ) = d Eide 12 BM P a:?KeHHeM 



d?CT 



aW(E 1 ,E 2 = E l ,9 l2 ) 



32tt 5 



I A 1 2 exp 



41n2(7r - 6 l2 ) 2 

I 2 



cos 



2 $12 



(79) 



KOTopoe nojiynaeTCH H3 (I76p nocpe^cTBOM HHTerpnpoBaHHH no BceM yrjiaM, KpoMe Q\ 2 . IIo- 
CKOJiBKy KoppejiHii;HOHHBiH napaMeTp a g {9\ 2 ) mojkct 3HanHTejiBHO otkjiohhtbch ot raycco- 
Bofl CpOpMBI, BejIHHHHBI 7, BBIHHCJieHHBie ^ByMH CTIOCoGaMH, pa3JIHHaiOTC5I. Tax, B MeTO^e 
HaHMeHBHIHX KBajpaTOB 3HaneHH5I 2)J\C B6JIH3H 612 = 71 BHOCHT BKJiafl B cyMMy KBajpaTOB 

c MeHBHiHM BecoM npn no^roHKe (#12), neM npn no^roHKe |a 9 (#i2)| 2 . TayccoBa HinpnHa, 
nojiyneHHaa no^roHKofl |a g (#i2)| 2 , 6yn;eT hhjkc o6o3HanaTBca Kax 7(|a g | 2 ), a nojiyneHHan 



no^roHKOH a 



(2)/ 



7 12 



) — KaK 7(cr^ 2 )). 
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130 
120 
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23 
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— TDS y(o< 2 ») 
J — TDSy(|a g | 2 ) 

— ccc 

— - TDCC 

— H#M-SOW 
• 3KcnepHMeHT 



■ i i 1 1 1 1 1 



■ i i 1 1 1 1 1 



0.1 



10 



100 



E,3B 



Phc. 10: TayccoBa iimpiiHa 7 k&k cpyHKii,HH nojiHoft aHeprnn HcnymeHHbix ajieKTpoHOB E: pe3yjibra- 
th, nojiyneHHtie HK-annpoKCHMan;HeH cr^{6x2) (TOJiCTaa cnjioiimaH KpiiBaa) h \ <in( 0i? ) \ 2 (tohkbh 



cnjioniHaa KpiiBas) , BbFmcjieHHbix c noMonj,bio TDS, a Taitate pe3yjibTaTbi CCC [9l|, |95[ (niTpnxo- 
Baa KpHBaa), TDCC [96j (nyHHKTHpHaa jihhhh) , H .RM-SOW [971] (niTpnx-nyHKTHpHaH KpiiBas), h 



SKcnepiiMeHTajiBHBie flaHHbie 



25 



92 



94 



112 



113J (KpyjKKIl) . 



1. 0omouoHU3av ) usi ze/iun e ochobhom cocmcumuu 



Ha pucyHKe [10] npHBe^eHa 3aBiicnMocTt> rayccoBofl iniipuHBi 7 ot iiojihoh sHeprHH Bbijie- 

TeBIUHX 3JieKTpOHOB E flBOHHOH CpOTOHOHH3aHHH rejIH3 H3 OCHOBHOrO C0CT02HH3 npH 

ycjiOBHH, hto 3Heprna ^ejiHTca MeyKpy sjieKrpoHaMH nopoBHy. Pe3yjibTaTbi MeTo^a conyT- 
CTByroiHirx Koop^HHaT (TDS) ^eMOHCTpnpyioT oTjiHHHoe corjiacne c sKcnepuMeHTOM bo BceM 
^nana30He SHeprnii ot 0.1 sB pp 100 sB, KpoMe tohkh npii 4 sB H3 pa6oTbi (93)]. Oco6o ot- 
MeTHM TOHHoe coBna^eHiie kphboh TDS 'j(a^) c sKcnepHMeHTajibHbiMH tohkbmh npn 0.116 



h 0.209 sB 92]. KpHBaa 7(|cU 2 ) xyace corjmcyeTca c sthmh TOHKaMH, h sto jierxo o6t>hchs- 
eTca TeM, hto b SKcnepHMeHTe [92j onperejiajiact hmchho 'j(a^). Ilpn bmcokhx SHeprnax 
sKcnepHMeHTajibHaa TOHKa Ha 80 sB |94j Gbijia nojiyneHa no^roHKofl |a 9 (#i2)| 2 , Tax hto 
Heyn^HBHTe jibho , hto 3Ta Tonxa Haxo^HTca ropa3^;o GjiHJKe k kphboh TDS 7(|a 9 | 2 ), neM k 
TDS 'j(a^). Boo6me roBopa, pa3JiHHHe MejK^y 7(|a 9 | 2 ) h 7(<t ( - 2 )) MOJKeT 6bitb npoaBjieHH- 
eM CTeneHH OTKjioHeHHH a g (8 12 ) ot rayccoBoft cpopMbi, xots coBna^eHHe sthx kphbbix He 
o3HanaeT, hto cpyHKHHa: a g {9i2) hhcto rayccoBa. Ha pnc. [TOl noKa3aHbi TaKace pe3yjibTaTbi 
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95IJ c pe3yjibTa- 



^pyrnx pacneTOB H3 nepBtix npHHHHnoB . Corjiacne pe3yjibTaTOB CCC 
TaMH TDS xoponiee kjlk E > 10 bB h yn;oBjieTBopHTejibHoe npn Gojiee hh3khx BHeprHax. 
p e3yjibTaTbi TDCC [96] TaM, r^e ohh HMeioTCH, 6jih3kh k TDS, a pe3yjibTaTbi HRM-SOW 



97j | CHJIbHO OTJIHHaiOTCH OT BCeX OCTajIBHblX KpHBblX. 
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Phc. 11: IlpHBefleHHaa rayccoBa iniipHHa 70 flJia He KaK cpyHKiniH E: pe3yjiBTaTH, nojiyneHHtie 
HK-annpoKCHMaijHeH BbiHiicjieHHtix (7^(812) (TOjicTaa jihhhh) h |a g (#i2)| 2 (TOHKaa KpHBaa), bbi- 



HHCJieHHbix c noMom,BK) TDS, h noporoBbili 3aKOH Ka3aHCKoro-OcTpoBCKoro 



90| (niTpnxoBaH Kpn- 



Baa 



TpacpHKH Ha pnc. [T0l nocTpoeHbi b jiorapncpMnnecKOM MacniTa6e no o6enM ocsm, b koto- 
poM CTeneHHBie 3aBHCHMOCTH Tnna 3aKOHa BaHBe f JTHj) BBirjia^HT KaK HaKjioHHBie npHMBie 
jihhhh. H ^elicTBHTejiBHo, TDS rpacpHKH 6jih3kh k npsiMBiM jihhhhm, Kor,n;a E He npeBBimaeT 
HecKOJiBKHx sjieKTpoHBOJiBT. O^HaKo noKa3aTejib cTeneHH BOBce He paBeH 1/4. B HHTepBajie 
sHeprnn ot 0.1 flo 2 sB annpoKCHMauHH kphboh 7(0"^) cTeneHHtiM 3aKOHOM oGmero BH^a 

7 = i E s (80) 

c HcnojiB30BaHHeM MeTo^a HaHMeHBHinx KBa^paTOB flaeT noKa3aTejiB s = 1/10 h Koscpcpnnn- 
eHT nponopnnoHajiBHocTH 70 = 70° sB -s . Ctojib 3HaHHTejibHoe oTKjioHeHHe ot noporoBoro 
3aKOHa BaHBe, nacTo HcnojiB3yeMoro npn HHTepnpeTannH sKcnepnMeHTajiBHBix h Teopera- 
necKHx ^aHHBix, BBirjiH^HT o6ecKypa)KHBaioiLi;e. 

Ha pnc. [TTI noKa3aHa n pHB eaeHHaa rayccoBa ninpHHa 7o(-E) = l{E)/E 1 ^ b cpaBHeHHH 
c KpHBoii, nojiyneHHOH b [90] nyTeM ncnojiB30BaHna: KBa^paTHHHOH annpoKCHMannH no- 
TeHHnajia B3aHMo,neHCTBHs: Mexc^ry sjieKTpoHaMH b6jih3h (#12 — tt) h nojiyKjiaccnnecKoro 
npH6jTH>KeHH5i fljis pa^najiBHoro ^BHJKeHna: c yneTOM Hea^Ha6aTHHecKOH 3aBHCHMocTH boji- 
hoboh cpyHKirnn ot rnneppa^nyca, a TaKace npe,zrnojio:>KeHH5i o tom, hto TOJibKo HaHHH3Hia5i 
MOfla no 812 3acejieHa Ha rpaHnn;e peaKirnoHHon 30HB1, rnneppa^rnyc KOTopoft nojiarajica paB- 
hbim R = 4. nocjie,zrHioio 3aKOHOMepHocTB HHJKe mbi 6y,n;eM Ha3BiBaTB noporoBBiM 3aKOHOM 
Ka3aHCKoro-0cTpoBCKoro (KO). Bh^ho hto KpnBBie TDS 6jih3kh k noporoBOMy 3aKOHy KO 
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BnjioTb ro MHHHMajibHofl SHeprnn E = 0.1 sB, flocTHrHyToii b pacneTax. Ha pnc. [TT1 no- 
poroBbift 3aKOH BaHbe f JTHj) Bbirjia^eji 6bi KaK ropn30HTajiBHa3 npaMaa jihhhh. ITpn oneHB 
hh3khx 3Heprii5ix nopH^Ka 10~ 5 bB KpHBaa KO KaJKeTcs Bbixo^ameft Ha ropH30Hrajib, o,n;- 
HaKo 3to npoHcxoflHT jihihb noTOMy, hto sHeprnii HHace 10~ 6 sB He noKa3aHbi Ha pncyHKe. 
CorjiacHo [90J, 3aBHCHMocTB 7o(-E) npn yGbmaHHH sHeprHH HMeeT ociiHjijiHpyioiiiHH xapax- 
Tep c nepHCflOM, kotopbih nocTOHHeH b jiorapncpMHHecKOH HiKajie (Ha pnc. [UJ noKa3aHa 
nojioBHHa 3Toro nepno^a), h HHKor^a He nepexo^HT b noporoBBift 3aKOH BaHbe. 



2. QomouonuaavAin Mumeneu c cuAbno acuMMempuuHou nonifiuzypai^ueu HauaAbHozo cocmo- 



B pa6oTe J(| cpaBHHBajiHCb 3aBHCHMocTH 'y(E) rjir pa3jiHHHBix rejiHeno/i;o6Hbix hohob. 
Bbijio o6Hapy>KeHo, hto ,hjih oTpnijaTejibHoro HOHa H~ 3Ta (pyHKHHH HanHHaeT pacTH npn 
SHeprnax HH>Ke 2.5 sB. 3to pe3KO OTjinnaeTca ot noBe^eHHa KpHBbix, nojiyneHHbix fljis 
rejina h nojio>KHTejibHbix rejiHeno,n;o6HBix hohob. B H] sth pacneTbi 6bijiH npo^ojiaceHbi 



^o MeHbHiefi SHeprHH 0.06 sB; pe3yjibTaTbi npe^CTaBjieHbi Ha pnc. [12j H3 pnc. [121 a bh^ho, 
hto 'j(a^) pacTeT c yMeHbnieHHeM sHeprnn ot 2.6 sB ,n;o 0.23 sB. Ha pnc. [121 6 noKa3aHa 
3aBHCHMocTb 2,HC ot Me>K3jieKTpoHHoro yrjia 9 12 h pe3yjibraTbi rayccoBoft annpoKCHMauHH 

3TOH 3aBHCHMOCTH flJIH E HHJKe 3HaHeHHH, KOTOpoe COOTBeTCTByeT MaKCHMyMy (pyHKHHH 

Ha ITS] a. npn SHeprHHX HHace 0.09 sB (pyHKHHH 'j(a^) OKa3biBaeTCH CTeneHHoii (pyHKHHeft 
sHeprHH c noKa3aTejieM cTeneHH s = 0.083 h f = 74° sB -s , o^Haxo, flHana30H sHeprnii 

CJIHHIKOM y30K, HTo6bI paCCMaTpHBaTb 3TO Ha6jHO^eHHe KaK CTporHH BblBO^. KaK BHflHO H3 

pnc. [121 a, Rjm oTpHu;aTejibHoro HOHa Bo^opo^a pe3yjibTaTbi TDS cymecTBeHHo oTjinnaioTCii 
ot noporoBoro 3aKOHa KO, Tor^a KaK fljia aTOMa rejina (pnc. [Til) hmcjio MecTo xoponiee 
corjiacne. TaKxce cjie^yeT otmcthtb, hto 3aBHCHMocTb 7(E), nojiyneHHaH Ka3aHCKHM h 

OcTpOBCKHM, MOHOTOHHa (pHC. [12], a), XOTH Jo(E) OCHHJIJIHpyeT. 

OcHOBHaa rnnoTe3a, BbyiBHraeMaa: b hto6bi o6t.hchhtb otjikhhc pe3yjibTaTOB fljia: 
H ot TaKOBBix fljia rejiHH h rejineno^oGHbix hohob jfj], 3aKjnoHaeTCH b chjibhom pa3JiHHHH 
KOH(pHrypau;HH HanajiBHoro coctohhhh MHHieHefl. ^eflcTBHTe jibho , npn n,2 — > oo BOJiHOBaa 

CpyHKHHH CBH3aHHOrO COCTOHHHH H~ HMeeT aCHMnTOTHHeCKHH BHfl 

p -0.235r 2 „-0.235ri 

^o(ri,r 2 ) ~ e" ri + e^ 2 . (81) 

r 2 ri 
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Phc. 12: ,H,ByKpaTHaH HOHH3aiiHH OTpHHaTejibHoro HOHa Bonppona. a) IayccoBa innpHHa 7 KaK 
(]whkhhh £7: pe3yjibTaTM TDS (cnjioiHHBie KpHBaH ) h noporoBBift 3aKOH Ka3aHCKoro-OcTpoBCKoro 
90( (niTpHXOBaH KpHBaH). 6) ^ByKpaTHoe HHCpcpepeHHHajibHoe ceneHHe KaK (pyHKHHH MenojieK- 



TpoHHoro yraa #12 W 151 .£7=0.1 aB (cnjioniHaH jihhhh), ee npHMan annpoKCHMauHH rayccoBoft kphboh 
(niTpHXOBaH KpHBaH) h Hepe3 rayccoBy annpoKCHMaHino \a g {6i2)\ 2 (nyHKTHpHan KpHBaH). 

To ecTb H - ^efiTpoHono^oGHaH cjia6ocBH3aHHaa cncTeMa, cocToamaa H3 aTOMa Bo^opo^a 
h sjieKTpoHa, npoBo/xinnero 6ojiBinyio nacTB BpeMeHH BHe oGjiacTH fleiicTBHH noTeHHHajia 
upHTHJKeHHH. J\n.5L npoBepKH 3toh rHnoTe3Bi b jll| Gbijih npoBe^eHbi pacieTBi fljia: jxpyrnx 
MHineHefl c chjibho acHMMeTpHHHoft KOHCpHrypanHeii Hcxo/XHoro CBH3aHHoro coctohhhh, a 
HMeHHo jjjth aTOMa rejiHH b B036y>K^i;eHHbix coctohhhhx 2s 1 S h 3s 1 S. 

Ha pnc. [131 a noKaaaHa 7 KaK cpyHKHHH E ^jih cpoTOHOHH3anHH rejiHH H3 MeTacTa- 
Ghjibhoto coctohhhh 2s 1 S. HaniH pe3yjibTaTbi Majio oTjiHHaioTCH ot CCC-pacneTOB 95] no 

BejIHHHHe, HO CHJIBHO OTJIHHaiOTCH OTCyTCTBHeM O^HJIJIHHHH. IIpH nOHHJKeHHH sHeprnn 7, 
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KaK h fljia H~, BHanajie yGbreaeT, a 3aTeM HannHaeT pacTH (,n;jia ^(a^) sto nponcxo^HT 
npn E = 2.5 sB). K HaineMy yunBjieHHio, npn E > 5 sB pa3HOCTb Meac^y 7(|a 9 | 2 ) n 7(0"^) 
CTaHOBHTca rpoMa^Hoii. IIpHHHHa stoto CTaHOBHTca acHoii H3 pnc. [131 KoBcpcpnnneHT 
KoppejiHHHH HMeeT (popMy, chjibho OTjiKnaioinyiocji ot rayccoBofl, c ^ByM3 nuKaMH ^axce 
npn hh3koh 3H6priiH E = 1 sB. IIpH y6biBaHHH 3HeprHH noGoHHbiii niiK yMeHbinaeTH h 
pacnpe^ejieHHe npeBpamaeTCii b rayccoBo, KaK cjie^yeT H3 Teopnn BaHbe. Kor^a sHeprna: 
pacTeT, noGoHHbiii iihk TaK>Ke yBejinnHBaeTcn, cTaHOBHCb 6ojibine ochobhoto npn E = 11.3 
sB, KaK bh^ho H3 pnc. [T3l e ii [131 B 3tom cxrynae annpoKCHManiia: rayccoBoft cpyHKniieH, 
ecTecTBeHHo, HenpuMemiMa. 

Ha piic. HU a noKa3aHa 3aBiiciiMocTb 7 ot £ fljia (poTOHOHH3aniiH aTOMa rejiHH 113 cocto- 
3HH3 3s 1 S. Haniii pe3yjibraTbi chjibho oTjinnaioTCH ot TaKOBbix, nojiyneHHBix mcto^om CCC 



95fl KaK no BejinHHH6, TaK h no xapaKTepy noBe,n;eHH5i. OGinirii bhji, kphboh aHajiornneH cjiy- 
naio noHH3an,HH H3 coctohhhh 2s 1 S, o/XHaKo 7(0"^) ^ocTnraeT jioKajibHoro MaKCHMyMa npn 
E = 1.5 sB. H3 pnc. dU 6-2 bh^ho, hto sHepreTHnecKaa 3aBncnMocTb KoppejiannoHHoro 
napaMeTpa cnjibHo HerayccoBa, KaK n jjjth 2s 1 S, ho HMeeT He /iBa, a Tpn nHKa npn hh3khx 
SHeprnax. C poctom SHeprnn /iBa MeHbninx nnKa CTaHOBHTCH Bbinie h cjiHBaiOTca, TaK hto 

npH GojIbniHX 3HaneHHHX E (pOpMa 3aBHCHMOCTH (J^ 2 \9 12) CTaHOBHTCH BecbMa cjiojkhoh. 

MOJKHO 3aMeTHTb, HTO HHCJIO nHKOB (612) npH HH3KHX BHepTHHX paBHO HHCJiy nHKOB 

pa^najibHoro pacnpe^ejieHna hjiothocth "BHenmero" sjieKTpoHa b HanajibHOM coctohhhh 
MHnieHH. 3to hhcjio paBHO e/xiiHHne fljia H (pnc. [121 6\ jxeyM fljiH He(2s 1 S) (pnc. [131 
6) n TpeM fljia: He(3s 1 S) (pnc. HH 6). IIphhhhbi bo3hhkhob6hhs /j;onojiHHTejiBHBix nnKOB b 



yrjioBOM pacnpe^ejieHHH Gmjih no3>Ke o6t5icHeHBi b pa6oTe |98| Ha npHMepe He(2s 1 S). ,H,aH- 

HBIH 3(p(peKT BbI3BaH TeM, HTO B 2s 1 S-COCT05IHHH y B036yJK^eHHOrO sjieKrpoHa HMeeTC2 JXBa 

xoponio H30JiHpoBaHHbix oGjiaKa BepoHTHocra, ^ji3 KOTopbix xapaKTepHbi cymecTBeHHo pa3- 
jinnaioiiiHecH ypoBHH yrjioBbix Koppejiauiiii c HeB036yjK^eHHbiM sjiercrpoHOM. npn jibohhoh 
hohh3 aniiH Kaac^oe H3 3THX oGjiaKOB jj,aeT rayccoBo pacnpe^ejieHHe Bn^a ( ITT)) c ninpHHOH, 
cooTBeTCTByron^en ypoBHio HanajibHofl yrjioBon KoppejianHH, a KOHenHas cHMMeTpHHHan 
aMnjiHTy^a aBjiaeTCH cyMMoli sthx /XByx rayccoBbix pacnpeflejiemiii c npoTHBonojio>KHbiMH 

3HaKaMH (H3-3a TOrO, HTO 3HaKH ^ByX oGjiaKOB B HanajIbHOH BOJIHOBOH (pyHKII^HH npOTHBO- 

nojioacHbi). B pe3yjibTaTe b 3aBHCHMocTH a g (9) B03HHKaeT y3eji h ^Ba nnKa. 

OneBH^Ho, hto aHajiornnHbie paccyjK^eHHH BepHbi h ^jia 3s 1 S- coctohhhh, c toh pa3HH- 
n,eH, hto KOHenHaa aMnjiHTy^a — cyMMa Tpex pacnpe^ejieHHil (177j) c pa3HbiMH 3HaneHH5iMH 



49 





Phc. 13: <DoTOHOHH3au,HH rejiHH H3 MeTacTa6miBHoro coctohhhs 2s 1 S. a) IayccoBa innpHHa 7 KaK 
4>yHKii,HH E: pe3yjiKraTM TDS (cnjioiimtie jihhhh) h CCC [95] (niTpiixoBaa KpiiBas) . 2,3,0 KaK 
cpyHKii,HH MejKtsjieKTpoHHoro yraa 612 flfl^ 5) E—l aB; e) £'=11 sB; z) E=20 sB: TOHHaa (cnjioui- 
HaH KpHBaa), ee npHMaa annpoKCHMan,HH rayccoBoft KpHBoft (iirrpiixoBaH KpuBaa) h nepe3 rayccoBy 
annpoKCHMan,Hio |a 9 (#i2)| 2 (nyHKTHpHaa KpHBaa). 

rayccoBofi hihphhh. 3to ^aeT Tpn nnxa h flBa y3Jia, hto h HaGjiiquaeTca Ha pnc. 6. 



V. 3aKJiK>HeHHe 

B HacTOHiu;eM o63ope mm paccMOTpejiH HHCJieHHBie MeTo^Bi BBiHHCJieHHH TpexnacTHHHbix 
KyjioHOBCKHX bojihobbix (pyHKHHft HenpepbiBHoro cneKTpa H ceneHHH (pH3HHecKHX npoH,ec- 
cob Ha hx ocHOBe. K TaKHM npoueccaM othochtch hohh3 au,HH yuapoM GticTporo sjieKTpoHa 
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Phc. 14: cDoTOHOiuraaijHH rejina H3 B036yjK,n;eHHOro coctohhhh 3s 1 S. a) TayccoBa iimpHHa 7 KaK 
4>yHKii,HH .E: pe3yjibTaTbi TDS (cnjionmue KpiiBbie) a CCC [95] (niTpiixoBaa KpiiBas) . 2,3,0 KaK 
(pyHKiyiH MejKtajieKTpoHHoro yrjia #12 Ann 6) E=l 3B; e) E=5 3B; g) _E7=20 sB: TOHHaa (cnjioui- 
Haa KpiiBas) , ee npaMaa annpoKCHMarpra rayccoBoft kphboh (inTpuxoBaa KpiiBaa) h pacneT nepe3 
rayccoBy annpoKCHMau,HK) | a g (^12) | 2 (nymcTupHas KpuBas) . 



h flBOHHaa cpoTOHOHH3au,H3. HayneHne 3thx npon;eccoB BaacHo fljia noHHMaHHs HBjieHHH Me- 
>K9jieKTpoHHOH Koppejiimnn, KOTopoe, b cBoio oiepe,nb, nrpaeT BajKHeflniyio pojib b xhmhh 
h cpH3HKe TBep^oro Tejia. 

IIo npniiffle o6niHpHocTH TeMbi b ^aHHofi paGoTe mm cocpe^oTOHHjiHCb b ochobhom Ha 
MeTo^ax, KOToptie npiiMeHsuin b cbohx co6cTBeHHbix paGoTax. B o63ope 6bijio paccMOTpe- 
ho npiiM6H6Hne BHeniHero KOMnjieKCHoro CKeftjiHHra fljia oGecneHemia rpaHHHHbix ycjioBiift 
yxo^ameft bojihbi. IIpo^eMOHCTpHpoBaHo, KaK pacneT o^HOKpaTHoft h ^ByKpaTHoii iioHH3a- 
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HHH OflHHM (pOTOHOM HJIH GblCTpbIM SJieKTpOHOM MOJKHO CBeCTH K peineHHK) HieCTHMepHOrO 

ypaBHeHHH IIIpe^HHrepa c npaBoft nacrbio n rpaHHHHbiMH ycjioBHHMH yxo^THinen bojihbi. 
IlyTeM conocTaBjieHHa pe3yjiBTaTOB pa3HBix aBTopoB noxasaHa npeflnoHTHTejibHocTb npn- 
MeHeHHH ccpepoH^ajiBHBix Koop^HHaT ^jih pacne-Ta noHH3anHH ^ByxaTOMHBix MOJieKyjibi no 
cpaBHeHHio co cxpepiraecKHMH. PaccMOTpeHo Hcnojib30BaHHe napaKcnajiBHoro npn6jimKeHii5i 
bojihobo^hoh onTHKH ,zyiH pacne-Ta HOHH3an;HH yuapoM 6bicTpon nacTHHbi h ero npe^ejiBi 
npHMeHHMocTH. IIoKa3aHo yn;o6cTBo npHMeHeHHH MeTOfla pacrnnpjHoinencH Koop^HHaTHofl 
ceTKH fljia pacneTa MHoroKpaTHoro ceneHna ^ByxxpaTHoii noHHsannn no cpaBHeHHio c ,npy- 
niMH MeTo^aMH. 

HaM npeflCTaBjiHeTCH, hto HanGojiee cymecTBeHHBie (pn3nnecKne pe3yjibTaTbi, KOTopBie 
nojiyneHbi aBTopaMn HacroHinero o63opa c noMoinbio H3Jio>KeHHbix b hcm mcto^ob, 3aKjno- 
naiorcji b tom, hto: 

1. npo^eMOHCTpnpoBaHa HeKoppeKTHocTb 3aKOHa BaHbe ^jih yrjioBoro pacnpe^ejieHHJi 
flBOHHoii hohh3 aniin ^a»ce npn oneHb Majibix SHeprnax. 

2. IIoKa3aHa npHMan cbsbb KOJinnecTBa nnKOB b CHMMeTpnnHon aMjiHTyne ^bohhoh 
noHH3annH c KOJinnecTBOM y3JioB b bojihoboh (pyHKirnn HanajibHoro COCTOHHHH. 

3. E[oKa3aHo, hto npn HOHH3anHH aTOMOB n ^ByxaTOMHBix MOJiexyji yuapoM sjieKTpoHa 
npoMeacyTonHoii SHeprnn OTKjioHeHHH yrjioBoro pacnpe^ejieHna BbijieTHBinnx sjieK- 
tpohob ot pe3yjibTaTOB nepBoro GopHOBCKoro npnGjinaceHnH paccesiHHBix sjiex- 
tpohob b ochobhom Bbi3BaHbi B3aHMo^encTBHeM ncnymeHHoro sjieKTpoHa c paccejffl- 
hmm nocjie ncnycKaHHJi . 

4. IIoKa3aHO, hto, Bonpexn oxcn^aHnjiM, Gn^nnojibHbin BTopoii 6ophobckhh njieH, onn- 
cbiBaiom;HH nocjie^oBaTejibHyio ^BofiHyio HOHH3aHino yuapoM sjieKTpoHa npoMe>Ky- 
TonHbix SHeprnfl, He bhocht cymecTBeHHoro BKjia^a b MHoroKpaTHoe ,HH(p(pepeHnH- 
ajibHoe ceneHne. 

5. J\jik MOJiexyjibi Bo^opo^a c HepaBHOBecHbiM paccTosmneM Meac^y aTOMaMn npo^eMOH- 
CTpnpoBaHO, hto HHTepcpepeHHHH sjieicrpoHOB, ncnymeHHbix pa3HbiMH neHTpaMH npn 
o^HOKpaTHon noHH3an;HH cym;ecTBeHHo BjinneT Ha BepoHTHocTb ^ByxxpaTHofl HOHH3a- 
hhh h yrjioBoe pacnpe^ejieHne BbijieTeBninx npn ^ByxxpaTHon HOHH3anHH ajieKTpoHOB. 
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3TO OTKpMBaeT B03MO>KHOCTb SKCnepHMeHTajIbHOrO Ha6jIK)fleHHH 3aBHCHMOCTH ^Byx- 

neHTpoBoft HHTepcbepeHirnn ot paccroHHHa Meac^y H,zrpaMH, Tax KaK flBoftHaa hohh- 
3airHH conpoBOJK^aeTCH ^HCcoHHairHeH, nocjie KOTopoii no SHeprHH pa3JieTeBHiHxca: 
npoTOHOB mojkho onpe,n;ejiHTb HanajiBHoe paccroaHne Me>K^i;y H^paMH. 

Pa6oTa no^mepacaHa rpaHTOM IIpe3H^;eHTa PO fljia mojio^bix KaH^H^aTOB Hayx MK- 
2344.2010.2 h rpaHTOM POOH 11-01-00523-a "MaTeMaTHnecKoe Mo^ejmpoBaHHe B03,n;eH- 

CTBH2 6bICTpBIX HaCTHII, Jia3epHBIX HMIiyjIBCOB H MarHHTHblX nOJieft Ha aTOMBI, MOJiexy- 

jibi h nojiynpoBo^HHKOBBie HaHocTpyKTypBi". Abtopbi 6jiaro,napHbi npocb. B. >KyjiaKHHy 
(B. Joulakian) 3a MHorojieTHee coTpynHnnecTBO h KOJiJieKTHBy JIa6opaTopHH MOJieKynap- 
hoh (J)H3hkh h cTojiKHOBeHHfi YHHBepcHTeTa r. Meii (OpaHUHa) (Laboratoire de Physique 
Moleculaire et Collisions, Universite Paul Verlaine-Metz, France) 3a no^Aep^KKy nccjie^o- 
BaHHfi b paMKax coBMecTHoro npoeKTa. B 3aKjnoneHne aBTopti Gjiaro^apaT H.B. Ily3biHH- 
Ha, B.B. IlynBinieBa n ynacTHHKOB ceMHHapa no MajionacTHHHbiM cncTeMaM JlaGopaTopnn 
TeopeTHnecKofi <J>h3hkh OGb-e^THHeHHoro HHCTHTyTa 5I^epHBix Hccjie^oBaHnn 3a nojie3HBie 
o6cy>K^i;eHH5i npe,n;cTaBjieHHoro o63opa. 

IIpHJiojKeHHe A: HncneHHbie MeTO^bi 

1. MncjieHHaH cxeiwa Ha ocHOBe npeflCTaBJieHHH flHCKpeTHoii nepeMeHHoii ajih pe- 
meHHH naTHMepHoro napaKcnajibHoro ypaBHeHHa 

HncjieHHaa cxeMa jijis pacneTa 3bojhoithh no BpeMenu ocHOBaHa Ha MeTo,n;e pacmenjieHHa: 
10?j | . ^jih SToro nepneH^HKyjiapHbiH (TpaHCBepcajibHbifi) raMHjibTOHHaH b ypaBHeHHH (JSJ 

H ± = -i-Vi + V{t 1} t ) + H( ri ) (Al) 

pacmenjiHjica: Ha 3 cjiaraeMbix, jijis KajK^oro H3 KOTopbix nponaraiins bo BpeMeHH Bbinoji- 
Hajiacb npn noMonin MeTo^a KpaHKa-HnKOJicoHa, 3a HCKjnoneHHeM scbcbeKTHBHoro raMHjib- 
TOHHaHa MHHieHH 034p . rjir KOToporo TaK>Ke BbinojiHajiocb pacrnenjieHHe. AnnpoKCHMaiiHa: 
npocTpaHCTBeHHbix onepaTopoB BbinojiHHjiacb c noMoinbio npe^cTaBjieHHH ^HCKpeTHofl ne- 



peMeHHoft (DVR) |99j|. 



IlonepeHHbie nepeMeHHbie na^aiomero sjieicrpoHa Gmjih npe^CTaBjieHbi b HHjiHH,npHHe- 
ckoh CHCTeMe Koop^HHaT. Ilo yrjioBofi nepeMeHHofl <p s Hcnojib30Bajiocb pa3Jio>KeHHe no 
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CpyHKITHHM 

A> m = 0; 



^= cosm0, m > 0; 
-4= sin md>, m < 0. 

/Jjia pa^HajibHoii nepeMeHHoft p s Hcnojib30BajicH MeTOfl KOHenHbix sjieMeHTOB Ha KBarmary- 



pax Taycca-JIoGaTTo (rn6pH^ 11,11,11 h MeTo^a KOHenHbix sjieMenroB, MKS-Iiyin 99l. Il00| ). 
fljia oGecneneHHH KoppeKTHbix rpaHHHHbix ycjioBHii npn p = b nepBOM KOHenHOM 3jie- 
MeHTe Hcnojib30Bajiacb KBa^paTypa Taycca-Pa^ay. Ilocjie BbinojiHeHHH inara c onepaTopoM 
nonepeHHoii nacTH KHHeTHHecKoft SHeprnn na^aioinero 3jieKTpoHa ocymecTBjisjics (npn no- 
moihh A HCK peTHoro npeo6pa30BaHHH <J>ypbe) nepexofl k II,Zin no yrjioBoft nepeMeHHofi cf) s c 
y3JiaMH KBa^paTypbi 

27T 

(N^ - nncjio y3jioB ceTKH no 0), Tax hto onepaTop noTeHHHajia CTaHOBHjica: ^naroHajiBHBiM. 
A nro6bi H36e:acaTb CHHrynnpHOCTH b Tonxe ri = r , BMecTO l/|rj — r | ncnojib30Bajiocb 
cooTBecTByioinee pasjioaceHne HeftMaHa. JXjis oGecneneHHH BToporo nopa^Ka tohhocth ne- 
pe^oBaHne niaroB MeTo,n;a pacmenjieHHH MeHHjiocb, to ecTb niarn BbinojiHHjiHCb b nopn^Ke: 

• ^eiicTBHe onepaTopa — 

• o6paTHoe npeo6pa30BaHne <J>ypbe no nepeMeHHoft <p s , 

• ^encTBne onepaTopa Ui(r ) + j^z^j , 

• ^eiicTBHe onepaTopa 2i?j(ri), 

• ^ettcTBHe onepaTopa C/j(r ) + i ri _ ro | ; 

• npHMoe npeo6pa30BaHne Oypbe, 

• ^encTBne onepaTopa — ^V^. 

IlocKOJibKy mar no BpeMeHH nojiarajica: paBHbiM r, nocjie npoxoJK^eHHH Bcex cjioeB pacmen- 
jieHna b npsMOM n o6paTHOM nopa^Ke nojiynajiacb BojmoBaa (pyHKuna: b MOMeHT BpeMeHH 
t + 2r. 



54 



J\jih BbinojiHeHHa inara pacmenjie HHg c raMHjibTOHHaHOM mhihchh b cjiynae o^Hon;eHTpo- 



bl»ix MHineHen HcnojiB30Bajica mgtoi 



101] c TeM oTjiHHneM, hto fljiH pa^HajiBHofi nepeMeH- 



hoh r Hcnojib30Bajic2 MlO-Il^n |99j, a fljia no^aBjieHHH Hec|>H3HHecKoro oTpaaceHHa ot 
rpaHHH, cctkh no r npuMeHSjicH MeTOfl BHeniHero KOMnjieKCHoro CKeftjiHHra (cm. pa3fle.n UTT|) . 
IIocKOJiBKy fljia ^Byxn;eHTpoBBix MHineHefl c 6ojibihhmh 3apa^aMH s,n;ep BOjiHOBaa c^yHKUHa 
cxo^htch c yBejiH^eHHeM HHCJia 6a3HCHBix (J)yHKn;HH Hpe3BbinaHHo Me^jieHHo, pjm hhx hc- 
nojiB30BajincB c(j3epoH^ajiBHbie (sjijinnTHHecKHe) Koop^HHaTbi h pa3JiojKeHHe c|)yHKHHH no 
6a3Hcy 



3^;ecb R — paccToaHne Meac^y smpaMii (opneHTaHHsi MOJieKyrrapHOH och oTHociiTejiBHo Ha- 
npaBjieHHa na^eHHa kj Morjia BBi6npaTC5i npoH3BOjibHofl) , 



/mi(0 



6 



HeneTHoe m; 
neraoe m; 



r ^e /i(0 — 6a3HCHBie (|>yHKHHH MK3-II,ZI,n, cocTaBjieHHbie H3 KycxoB hojihhomob JlarpaH- 
aca, ynpBjieTBopsnomiie ycjioBHio = Sa>/-\/Wi, & H w » ~~ y3Jibi h Beca KBaflpaTypbi, 

cocTaBjieHHoii H3 KBa^paTypbi Taycca-Pa^ay ,n,jia nepBoro KOHenHoro 9jieMeHTa h Taycca- 
Jlo6aTTo fljia ocTajibHbix, npn p = p max cTaBiuiocb rpaHHHHoe ycjioBHe HeftMaHa. BBe^eHne 
fmi(0 o6ecnenHBaeT KoppeKTHyio acHMnoTOTHKy npn £ = 1 fljia HeneTHbix m npn coxpa- 
HeHHH ochobhoto cBolicTBa (J)yHKn;HH JlexcaH^pa fmi{£,i') — B KanecTBe yrjioBbix 

6a3HCHbix (J)yHKn;HH Hcnojib30BajiHCb c^ymonm Jle>KaH^pa 

r,n;e r]j,Wj,j = 1 , . . . , / maa; + 1 — y3Jibi h Beca KBa^paTypbi Taycca-JIejKaH^pa Ha oTpe3Ke 
Tj = [—1,1], Pf 1 ^) — npncoe^HHeHHbie nojiHHOMbi JlexcaH^pa, opTOHopMnpoBaHHbie Ha 



KBa^paType Taycca-JIejKaH^pa 



lOJJ . TaKHM o6pa30M, b MaTpnue raMHjibTOHHaHa mhhichh 



Bbmejifliorca ^Ba cjiaraeMbix: KBa3Hpa^HajibHbiH raMHjibTOHHaH 



n iii' 



£,max 
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HBJIHIOIHHHCH MaTpHneft C IIOJiyillHpiIHOH JieHTbl S (s — nopH^OK KOHeHHblX 3JI6MeHTOB ) H 
paHrOM A^nodes = sN r (N r — HHCJIO KOHeHHblX SJieMeHTOB) , H KBa3HyrjIOBOH raMHJIBTOHHaH 

Imax ~\~\ 



Tjmi 

n W3' - 



--\m\ 



hbjihioihhhch nojiHocTBio 3anojmeHHOH KBa/jpaTHon MaTpnneft paHra l max + 1- TaKHM 06- 
pa30M, raMiijibTOHiiaH MiiineHii pacmenjinjicH Ha neTbipe cjiaraeMbix: H v , U s h(r) = 
Ui(r) + Zi/\ri — R/2| + Z 2 /\ri + R/2| n Xj. Ilocjie BBinojiHemisi inaroB jj;jih yl H v 
bbiiiojihhjich nepexofl k jj;jih c noMombio Oypi>e-npeo6pa30BaHHH, 6jiaro,n;apH neMy 

MaTpnna noTeHnnajia U s h{r) (co^epHtamero cpe^Hiift noTeHunaji HeaKTHBHbix oGojioneK n 
Bcex sflep, KpoMe nepBbix A B y x ) cTaHOBiuiacB ^HaroHajibHofi. LQar c npnGjiHHceHHbiM oGmch- 
hbim onepaTopoM X{ BbinojiHHjicH TaKHM o6pa30M: BOJiHOBasi cpyHKHnsi pacKjia/xbiBajiacb no 
bojihobbim (pyHKi^HJiM oGojioneK (p n (r), nocjie nero BbmejiHjiacb naerb bojihoboh cpyHKHHH, 
opToroHajibHaH hm bc6m: 



C n (t) 



<( r )^M)dr; 



N 



ip rest (r,t) = ij>(r,t) - J^C n (*)<p fc (r). 



n=l 



LQar no BpeMeHH fljia KoacpcpHirneHTOB C n bbihojihhjich no cxeMe KpaHKa-HnKOJicoHa 



C(t + r) = 





-1 








1 - 






2 



c(0, 



r^e J nfc = 5 nk n 



X„fc = (</?n|Xj|</? fc ) + 



l-5„ 



ni r 
Onk- 



Ko BceM flnaroHajibHbiM sjieMeHTaM MaTpnnbi X, KpoMe i-ro (kotopmh cooTBeTCTByeT ho- 
Mepy aKTHBHoro ajieKTpoHa), mm ^oGaBnjin 6ojibnine nncjia 1/r, htoGm no,n;aBHTb 3anpe- 
meHHbiH npHHirnnoM ITayjin nepexo,n; aKTHBHoro sjieKTpoHa b coctohhhh, 3aHHTbie jjpyrnMH 
3 jieKTpoHaMH . Ilocjie BbinojmeHHH 3Toro niara H3MeHHBinaHCH 3a cneT oGMeHa nacTb boji- 
hoboh (pyHKiniH jj;o6aBjiHjiacb k ocTaTOHHoii nacTH 



JV 



4>(r,t + r) = ^ rest (r,t) + ^2C n (t + T)ip k (r). 



71=1 



TaKHM o6pa30M, KOHenHbin nopHjj;oK niaroB npn BbinncjieHnH sbojiiohhh sjieKTpoHa MnnieHH: 
U s h(r), Xi, H^, 2H V , X, h U sh (r). 
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2. PemeHHe ypaBHeHHH LQpe,zi,HHrepa c npaBoii nacTbio b ccpepoH,a,ajiBHBix Koop- 

flHHaTaX flJIH AByxaTOMHblX MOJieKyjI C flByMfl aKTHBHHMH 3JieKTpOHaMH 



HQ 



B pa6oTax |4J, |5| ypaBHeHHe (141 j) peniajiocB ,zi,jih Kaac^oro co6cTBeHHoro 3HaHeHHH M 
2-KOMnoHeHTL.i nojiHoro yrjioBoro MOMeHTa AByx sJieKTpoHOB npn noMouxH pa3jio>KeHHH 

JVi-l+|Af-m| 7Vi-l+|m| AT f 
m ii=|M-m| i 2 =|m| 31,32=^ 

me 

Vjimi^vA) = & mj (O^m(arccos?7,0). 
B KanecTBe "pa^najiBHoro" 6a3Hca HcnojiB30BajiHCB b-cnjiaftHBi nopH/xKa k 



52| , MOJXHCpH- 



HiipoBaHHBie ^jia corjiacoBaHHH c KBa^paTHOKopHeBBiMH acHMnTOTHKaMH npii £ — 1 jijis 



WO 



ccjih m hcthoc; 



ecjiH ra HeneTHoe. 



3^ecB h ^ajiee A^ — hhcjio b-cnjiaftHOB, Aj — hhcjio ccbepHnecKHx rapMOHHK Ha sjiercrpoH. 

SaMeTIIM, HTO I 5IBJI5I6TC5I KBaHTOBBIM HHCJIOM yrjIOBOrO MOMeHTa tojibko npH £ — y oo. Ha- 

6op H3 N m sjieMeHTOB m — co6ctb6hhbix 3HaHeHHH KOMnoHeHTBi yrjioBoro MOMeHTa b^ojib 
MOJieKyjiapHoii och — BBi6npaeTC5i Tax, HToGbi He HapyniaTB chmmctphio bojihoboh cbyHK- 
hhh. 

IIpH BBIHHCJieHHH MaTpHHHBIX 3JieMeHTOB nOTeHHHajia 3JieKTpOH-3JieKTpOHHOrO B3aHMO- 
^efiCTBHH B BBITSHyTBIX CCpepOH^ajIBHBIX KOO DJXHH aTaX, HToGbI H36e>KaTB CHHryjIHpHOCTeH, 



yn,o6Ho Hcnojib30BaTB pasjioaceHHe HeflMaHa 

1 



102] 



oo oo 



ri - r 2 



22 ^2 f/ A At (6,6) 5/ A At (arccosr7i,0i)F A _ A1 (arccosr7 2 ,02), 

A*=-oo \=\n\ 



me 
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U\p(£i, £2) — -jj- 



(A-//)! 



(A3) 



(A4) 



.(A + a*)!. 

3^ecB -P z m (x) h Qf l (x) — peryjiapHas h HeperyjiapHaa cbyHKHHH JleacaH/xpa. Tax k&k pa3Jio- 
>KeHHe yrjioBofi bojihoboh cbyHKHHH (1A2[) orpaHHHeHO BejiHHHHaMH A"; h N m , mbi b3sjih npe- 

flfiJlbl pa3JIOJKeHHH HeftMaHa flM} TaKHMH, HTO < fi max < N m —1, A G [fl max , Vmax+^max), 

X m ax < A"/ — 1. B pe3yjiBTaTe mbi nojiynnjiH jiHHeftHyio CHCTeMy c pa3pe:sceHHOH MaTpnueii 



[Hi g> S 2 + S x g> H 2 + Ui 2 - E Si g) S 2 ) ■ V = f ■ 



(A5) 
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3flect. S Q — o^HOHacTHHHbie MaTpHHM nepeKpbiTHa: c sjieMeHTaMH 

Sjl m ,fl'm< = (jlm\j'l'm) = — / (p* lrn (pj'i' m > (£ 2 - rj 2 ) d£ dr] d(j) 

/* £,jnax P £,m a x 

= —5 mm ' 5u> J bmj^bmj'dC, - (lm\7] 2 \l'm) J bmjbmj'di 
a H a — MaTpHHM o^HOHacTHHHoro raMHjibroHHaHa c sjieMeHTaMH 

Hjlmj'l'm' ~~^0mm'0ll' 



(A6) 



x { I b' mj {e-i)b' mj ,di+ j b mj 



£,max 



m<2 ,/, 

+ 1(1 + 1) 



bmj'dS, 



.e-i 

(Z + — nojiHbifi 3ap3fl 3^ e P; nojiaraBniHHCH fljis: H2 paBHMM 2). 

CiicTeMa jiHHeflHbix vpaBHeHHfl ( 1A5I) peinaeTca MeTO^OM conpajKeHHbix rpa^neHTOB (Cr) 
c npeKOH^Hn;HOHepoM |2j 



A = Hi ® + Sf ® H 2 - £7 g> 

i-D ™„™„„_ mm TT Tin T"1/""\ TTn TT T Ml rTrt TT ("1 ^"imT C / vmTT/ l^TTTm/~\ ITT MA „„„„„„„ 7 OD 



rjj;e S npe^cTaBjiaeT ^naroHajiBHyio nacrb S oTHocnTejiBHo HH^exca Z, S^ lm -, Vm = 
Sjimj'imSw , a S Tpex^naroHajiBHa no I. 

JXjir pa36neHH5i onepaTopa B03MyineHH5i nepBoro 6opHOBCKoro nopa^Ka (14*9]) Ha napHH- 
ajibHBie KoivinoHeHTbi npuMeHHjiocb pa3Jio>KeHHe (152j) . IIpe^ejiBi 3Toro pa3Jio:aceHHa Bbi6npa- 
jihcb b cooTBeTCTBHH c Mo/oyjieM BeKTopa nepeflaHH HMiryjibca K. B pacneTax, KacaioiHHxca: 
npocTofi (e,2e) HOHH3aHHH, mbi GpajiH napuHajibHbie bojihm j\o L max = 4, M max = 3 b cjiy- 
nae 6 S = 1° (K = 0.3233) h L maa; = 5, M max = 4 ^jih # s = 3° (K = 0.9087). B pacwax 
(e,3e), Kor^a K = 0.6682 a.e., mm Hcnojib30BajiH L ma x = 4, M ma x = 4. 

JXjis yHH(pHKan;HH h GojibineH schocth onpeflejiemiH pa^najibHofl ceTKH BBe^eM bciiomo- 
raTejibHyio nepeMeHHyio f = — 1)- B pacneTax mm Hcnojib30BajiH b-cnjiaftHM neTBepToro 
nopaflKa Ha paBHOMepHofl ceTKe c niaroM Af = 0.5 h r max = 50, hto ^ejiaeT hhcjio cnjiafiHOB 
paBHMM N% = 104. IlapaMeTpbi yrjioBoro 6a3Hca BbiGnpajincb paBHMMH Ni = 6, = 7 
fljia neTHbix M h A^J = 8 fljia HeneTHbix M. Hto6m rapaHTHpoBaTb BbinojiHeHHe rpaHHH- 
Hbix ycjiOBHH yxoflameii bojihm, mm npHMeHajm MeTO/j; BHeniHero KOMnjieKCHoro CKeiijiHHra 
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54j, B COOTBeTCTBHH C KOTOpbIM OCyiHeCTBJISJICH nOBOpOT KOHTypa B TOHKe Tecs — 40 B 

KOMnjieKCHyio njiocKocTb Ha yroji 6ecs — 45°. Pa3Jio>KeHHe HefiMaHa (1A3jl 6mjio orpaHHne- 
ho X max — A; — 1, fi max = A^J/2. ,II,JTa TaKHX napaMeTpoB MeTOJj; conpajKeHHbix cxo^hjics k 
OTHocHTejibHofl ohih6k6 10~ 6 nocjie npHMepHo 20-30 HTepau,HH. 
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B pacneTax (e,2e) mm ncnojiB30Ba.TH MeHBinnn yrjioBoft 6a3nc: N m = 3 fljia M = h 
N m = 2 fljis flpyrnx 3HaneHHH M, iVj = 6, A max = 3 h fi ma x = 1- Ha6jnofleHHe noKa3BiBaeT, 
hto fljia ^;ocTH>KeHH3 toh >Ke oTHocHTejibHofl tohhocth b MeTo^e Cr Tpe6yeTca 6ojiBinee 

HHCJIO HTepaU,HH (OKOJIO 60-70). 3TO, OHeBH^HO, oGbHCHHeTCH TeM CpaKTOM, HTO KOHeHHaa 

sHeprns: < jieacHT hhjkc nopora ,tbohhoh hohh3 annn . CpaBHeHne ceneHHH, paccnn- 
TaHHBix npn pa3JiHHHbix pa3Mepax 6a3nca (cm. Ta6jinny [I]) h ^pyrnx napaMeTpax cxeMBi 
(pa^nyc npocTpaHCTBeHHofl o6jiacTH 

^maxi yroji KOMnjieKCHoro CKeftjiHHra OecSi Tomca no- 
BopoTa KOHTypa tecs h pa,A H yc Bbi^ejieHHa aMnjinTyziBi fg) noKa3BiBaeT, hto nncjieHHaa: 
oninGKa HaniHx pacneTOB He npeBBiniaeT 2% fljia pacneTOM ,110 H n 5% b pacneTax (e,3e). 

Ta6jiHn;a I: Cxo,h,hmoctb ceneHHH abohhoh HOHH3an,HH H2 4>OTOHaMH c 3Heprneft 75 aB b 3aBHCHMO- 
cth ot inara ceTKH Af h napaMeTpa yrjioBoro 6a3iica iVj . ^pyrne napaMeTpbi nojiarajincB paBHBiMH 
k = 4, w = 50, f BC s = 40, BCS = 45°, JV£ = 2 (;v z _ 2), = _ 1; ^ = jy, - 1, 
/W = iVn/2 nr s = 38. 



\ Af 
iV, \ 


1.0 


0.5 


0.333333 


4 


3165.03 


3034.37 


3028.05 


5 


2963.59 


2836.08 




6 


2899.06 


2773.35 




7 


2891.90 







Mbi Hanajin c pacneTa bojihoboh cpyHKnnn CBH3aHHoro coctohhhh H2 , KOTopaa Heo6xo,on 
Ma KaK (pyHKiriiH HanajiBHoro coctohhhh <po b npaBoft nacra ypaBHeHHH ( I41jl . Bynynn co6 
CTBeHHofl (pyHKirnen Toro yae raMHjiBTOHiiaHa , oHa opToroHajiBHa (pyHKirnn kohs hhotq co 



ctohhhh b ( |37|) . HcnojiB30Bajics HenpepBiBHBifl aHajior MeTo^a HbioTOHa (HAMH) 104j,ll05j, 
KOTopBiii Ha KajK^oM mare flaeT ciicTeMy jinHenHBix ypaBHeHnii Tiina ( 1A5[) . rtpn MexctH^ep- 
hom paccTOHHHH R — 1.4 a.e. h npn BBirneHa3BaHHBix napaMeTpax 6a3nca fljia pacneTa ,H,<J>H 
mbi nojiynnjin 3HeprHio BopH a-On neHreflMepa Ejj 2 — —1.17419 a.e. npn tohhom 3HaneHHH 



E H2 = -1.174475714220 a.e. [106| . 

JXjis pacneTOB ,tbohhoh cpoTonoHH3annH xcejiaTejibHo ncnojiB30BaTB b-cnjianHbi He Hnxce 
neTBepToro nopa^Ka, nocKOjiBKy npn npoBe^eHHH HHTerpnpoBaHHH no rnnepccpepe bo3hh- 
KaeT HeGojiBnioit njieH nepeKpBiBaHna npoGHofi cbyHKirnn (|47j) ^BonHoro KOHTHHyyMa n co- 
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CTOHHHHMH O^HOKpaTHOH HOHHBaHHH. CaMH HHCJieHHO paCCHHTaHHBie (pyHKHHH KOHTHHyyMa 

H2, Hcnojib30BaHHt»ie b (|47|) . tohho (c ManiHHHoft tohhoctbio) opToroHajiBHBi cbyHKHH2M 
cB33aHHL»ix coctohhhh , h nepeKpBiBaHHe B03HHKaeT TOJibKo 3a cneT HHTerpupoBaHiis no 
HCKpuBjieHHoft rnnepnoBepxHOCTH. Mbi 3aMeTHjin, hto stot apTecpaKT oneHB nyBCTBHTejieH 

K TJia^KOCTH npOH3BO^HBIX BOJIHOBOH H npo6HOH (pyHKHHH B (143 p . IIo3TOMy fljia KyGniecKHX 

b-cnjianHOB, HMeiomnx pa3pBiB npon3BO,zrHOH TpeTBero nopaflKa, sto nepeKpBiBaHHe npo- 
HBjiaeTCH Kax MajiBie ocuHJuiflipiH paccnHTaHHoro ceneHHH. BejiHHHHa sthx ocithjijihithh, 
Boo6m;e roBopa, HMeeT nopsmoK nncjieHHOH ohih6kh h o6bihho He BjinaeT Ha pe3yjiBTaTBi. 
O^Haxo b HexoTopBix cjiynaax, KaK, HanpHMep, npn onpe^ejieHHH H3MeHeHHH napaMeTpa 
acHMMeTpHH (3 c H3MeHeHHeM SHeprHH BBijieTeBHiero sjieKrpoHa, sth ochhjijijihhh hcho BHfl- 



52] . HTO, 



hbi. IIosTOMy fljia pacneTa ,HOH npHMeHHjiHCB b-cnjiaftHBi neTBepToro nopHflKa 
Kax mbi yGe^HjiHCB, no3BOJi5ieT H36aBHTBCH ot yKa3aHHBix ocithjijihhhh. 



3. MHCJieHHtifl MCTOfl A-hh mecTHMepHoro BpeMeHHoro ypaBHeHHa IIIpe^HHrepa Ha 
ocHOBe npeo6pa30BaHHH MaHra-OaHO h npeflCTaBJieHHH flHCKpeTHofi nepeMeHHoii 

PaccMOTpHM rejiHeno^o6HBiH aTOM h HcnojiB3yeM KaK napaKcnajiBHoe npnGjiHJKeHHe, TaK 
h MeTOfl conyTCTByioH^HX Koop^HHaT. CooTBeTCTByioH];ee ^ByxsjieKTpoHHoe Heo^Hopo^Hoe 
ypaBHeHHe Hipe^HHrepoBCKoro THna npHHHMaeT bh^ 

i m{ ^ 2it) = {k(t) + h 2 (t) + U(\^ 2 - Ut)}^^i,^t) + F(^^t). (A7) 

3^ecB hi y2 {t) ^aHBi BBipaJKeHHHMH (173 p . £7(£i2,£) — noTeHirnaji Me>K3jieKTpoHHoro B3aHMO- 
^eficTBHa, 

MjieH F(£i, £ 2 > t) b npaBofi Hacrn (1A7|) oTcyTCTByeT npn pacneTe cpoTOHOHH3anHH |7J, ho 
noHBjineTCH npn HcnojiB30BaHHH PA1B npn6jiH:>KeHHH fljis flByxKpaTHoft hohh3 aunn yn;apoM 
6BicTporo sjieKTpoHa 

Ilocjie oKOHnaHHH BHeniHero B03^eHCTBH3 nojiHBifl yrjioBofl momcht h ero npoeKHna co- 
xpaHaioTCii, TaK hto peuieHHe MOJKHO npe^CTaBHTB KaK 

*(£i,£2,*) = E* LM ^^), (A8) 

LM 
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r^e L and M - KBaHTOBBie HHCJia nojiHoro yrjioBoro MOMeHTa h ero npoeKHHH, cooTBeT- 
CTBeHHo. Pa3JK»KHM \|> LM no GncdpepHHecKHM rapMOHHKaM 60| 



Ko3(pcpHn;HeHTBi aHajiorHHHoro pa3Jio>KeHH2 HCTOHHHKa -^(£1,^2^) o6o3HanHM 

fhh = < LMhl 2 \F(^^ 2 ,t) > . 



(A9) 



flffis penieHHS nojiy gHBineficg CHCTeMBi ypaBHeHHfl mm HcnojiB3yeM MeTOfl flByuHKjiHHecKoro 
pacmenjieHHH 107] . b kotopom Kaac^Bifl inar sbojhohhh pacmenjiaerca Ha no,n;inarH, jierxo 



peajiH3yeMBie c noMombio npocrofl cxeMti KpaHKa-HnKOJicoHa [108|. Bboah pa^HajibHyio 
ceTKy {^ii 1 ,^2» 2 }> ^« = 1--N r , ^HcxpeTHBie BpeMeHHbie tohkh £ n h o6o3HaHeHHe ipt^hhn = 
^hhi&h-i C2i 2 )*n); mojkho ocymecTBHTb sbojhohhio ot t n k t„ +2 no cne^yromefl cxeMe 



C + ~y^Z 2 i 2 (*«+l) 



%l + -y-^iii(Wi) 



rZi^ 2 iii2n+l/4 
^ZlZ 2 jli 2 n+l/2 



^ZiZ 2 iij 2 n+3/4 
rk m 2 iii 2 n+3/4 
V y fcm.iii 2 n+5/4 



rZ 1 / 2 iii 2 n+5/4 
7/; LM 

rZiZ 2 nj 2 n+3/2 



V^iZ 2 jii 2 n+7/4 
V y Z 1 Z 2 i 1 j 2 n+2 



7 /,^ _,v f iM ■ 
r/iZ 2 i].i 2 n ' ZiZ 2 iii 2 n) 



n+1, 



^Zi« 2 iii 2 n+l/4 



°i 2 2~ rt Z 2 i2^«+ 1 ^ 



V"V 2 j lj2 n+l/2 



-r>«2 /iid ,/,IM 

' fcm 2 u Z 2 m 2 rZ 1 Z 2 j 1 j 2 n+3/4 

1 — i T nUi 1 i 2 k{pn+l) iLM 
1 + ^T n f/j 1 j 2 / c (t„ + i) 

^hh ' Z 2 m 2 v y fcm 2 «ii 2 n+5/4 



fcmjii 2 n+3/4 



°i 2 ^~™Z 2 i 2 V r n+l, 



+5/4 



rZiZ 2 «li 2 n+7/4 l,i nJl 1 l 2 i 1 i 2 n+2- 



LM 



(AlOa) 
(AlOb) 

(AlOc) 
(AlOd) 
(AlOe) 
(AlOf) 
(AlOg) 

(AlOh) 
(AlOi) 



^Jifl ynpomeHHH 3anncH ypaBHeHHfl HcnojiB30BajiocB npaBHjio cyMMHpoBaHHH 3flHHiTefl- 
Ha. Ha KajK^oM BpeMeHHOM niare r n = (t n+ 2 — t n )/2 cpe^Hee BpeMH nojiarajiocB paBHMM 

t n+ \ = (t n+ 2 + t n )/2. MaTpHHM Hj2i a {t) HBJI5HOTC3 KOHeHHO-pa3HOCTHMMH annpoKCHMaHHH- 
MH CflHOMepHBIX pa^HajIBHBIX raMHJIBTOHHaHOB 

1 f d 2 l a (l a + l)\ Z 



Hal a (t) 



2a 2 (t) \d£* C 



a(t)a(t) 2 
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Hto6l»i ^HaroHajiH30BaTt. noTeHHiiaji 3jieKTpoH-3jieKTpoHHoro B3aHM0,n,eHCTBHH, Hcnojib- 
3yeM nBa opToroHajibHbix npeo6pa30BaHHH. CHanajia npHMeHHM npeo6pa30BaHHe HaHra- 



OaHo 



16] . oGecneHHBaiomee nepexo,n; ot GnccbepHHecKoro 6a3iica (IA9[) k D-6a3Hcy 60| 



* LM (£i,^) = tW^t^ E ^(^1^1^12) Y hm2 (e l2 ,o) xi^u&t), (ah) 

r^e D l — (pyHKu,H2 BnrHepa. MaTpnirbi pa3MepHocTH (2 min(L, l 2 ) + 1) x (2 min(L, l 2 ) + 
1), ocymecTBjiaioiirfle npaMoe h o6paTHoe npeo6pa30BaHHe HaHra-OaHo, hmciot bh,h; 

C = (- 1 ) l2+m2 Cl 1 2- m2 L^ (A12a) 

= (-i) Z2+m2 ^° m2Lm2 , (M2b) 



r ^ e C hZli 2 rn 2 ' KoscpcpH^eHTbi Kjie6iHa-rop,ziaHa 60], l 2 = 0, . . . , I 2mra , / x = |L-/ 2 |, . . . , L + 



/2, W2 = — min(L, l 2 ), . . . , min(L, ^2)- A jj ih (pimajiBHOH ;iHaroHajiH3aHHH Hcnojib3yeM npefl- 



CTaBjieHHe ^HCKpeTHOH nepeMeHHOH 



109j, ocHOBaHHoe Ha npeo6pa30BaHHH 



N m -1 

lLM 
kin 



r,ne (Ci 5 £2^) — 3HaneHHe bojihoboh cbyHKHHH b fc-M y3Jie yrjioBofi penieTKH, rj = cos ; 
r]™ 2 h A™ 2 — y3Jibi h Beca cooTBeTCTByroinHx KBa^paTyp raycca-JleacaH^pa, k — 1, . . . , A m2 , 
P ; m (r]) — HopMiipoBaHHtie npHcoeflimeHHbie nojiHHOMbi JlejKaH^pa, iV m2 — hhcjio nojiH- 
homob b pa3Jio>KeHHH ^aHHoro 7712. MaTpnirbi pa3MepHocTH A m2 x N m2 npHMoro H 
o6paTHoro npeo6pa30BaHHH hmciot bh,h, 

Hm = JfW)l (M4a) 
VL = Pr(C)A fc - (Al4b) 

IlpHMbie npeo6pa30BaHH3 BbinojiHHioTcs Ha niare ( ]A10dj) ajiropHTMa. Bjiaro^apa hm no- 
TeHirnaji sjieKrpoH-sjieKrpoHHoro B3aHMo,neHCTBHH npHo6peTaeT ^HaroHajiBHbiH bh,zi. B pe- 
3yjibTaTe npHMeHeHHe cxeMbi KpaHKa-HnKOJicoHa Ha mare (lAlOej) cbo^htch k yMHoaceHHio 
Ha cba30BbiH MHOJKHTejib. Ilocjie stoto bbihojihhiotch o6paTHbie npeo6pa30BaHHH ( 1A10f|) . 
HTo6bi BepHyTbca b 6nc(pepHHecKHH 6a3Hc, yrp6HbiH fljisi BbiHHCJieHHft, BKjHonaioriiHx o^ho- 

3JieKTpOHHbie raMHJIbTOHHaHbl . 

JXjir npe^cTaBjieHHH pa^najibHbix micpcpepeHHHajibHbix onepaTopoB b pa6oTax 
Hcnojib30Bajiacb nHTHToneHHaH KOHeHHo-pa3HocTHaa annpoKCHMauHH neTBepToro nopa^Ka 
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Ha ceTKe c y3JiaMH 

£ai = hi; i = l..N r ; h 



N r ' 

r ^e (max — pa3Mep ceTKH b conyTCTByromHx Koop^HHaTax, N r — hhcjio pa^HajibHbix y3JioB. 

IIoCKOJIbKy HaC B OCHOBHOM HHTepeCOBajia HOHH3aHHH C HCnyCKaHHeM SJieKTpOHOB OTHOCH- 

TejitHO Majibix BHeprnfi, mbi iiomhmo nepexo^a k conyTCTByEouxHM Koop^HHaTaM Hcnojib30- 
Bajin BHeniHHfi KOMnjieKCHbift cKeftjiHHr (cm. pa3 neji HTT1) . o6ecneHHBaioiirHH norjiomeHHe bw- 
coKosHeprHHHbix sjieKTpoHOB, hto no3BOJi3eT yMeHbniHTb TpeGymHHca pa3Mep ceTKH £ max - 
Hcnojib30BaHHe »ce HepaBHOMepHbix ceTOK, xax b paGoTe [7fl, oKa3ajiocb HenpaKTHHHbiM. 
MeTO,n; pacmenjieHHH ycTOHHHB, ecjni inar no BpeMemi r y^oBjieTBopaeT ycjiOBHio 

r<-. (A15) 

O^HaKo npaKTHHecKHe pacneTbi noKa3biBaioT, hto rjir L > mar r MoaceT Gbitb b3ht 
b HecKOJitKo pa3 GojibniHM 6e3 KaKoro-jinGo Bpe^a. 3to cBH3aHo c oTcyTCTBiieM Tpexna- 
cthhhbix cTojiKHOBeHHfl b cjiynae L > 0. Mbi Hcnojib30BajiH 3aBHC5iiri;HH ot BpeMeHH mar 
T n = T~(t n+ i) = a(t n+ i)ro, nocKOJibKy HaHMeHee Me,n;jieHHO npn pacninpeHKH ceTKH y6biBaeT 
KyjioHOB ckhh noTeHnnaji, a sto nponcxo^HT no 3aKOHy l/a(t). Ilpn TaxoM BbiGope niara kom- 
nbioTepHoe BpeMH, Heo6xo^HMoe rjik pacneTa sbojhohhh BnjioTb ,n,o 3a^aHHoro (|>H3HHecKoro 
BpeMeHH t, nponopHHOHajiBHo logt. 

B pacneTax cpoTOHOHH3anHH rejiHH {ll| Hcnojib30BajiHCb cjie^yiomne napaMeTpti hhc- 
jieHHofl cxeMti: napaMeTp yrjioBoro 6a3Hca l 2max = 13, paBHOMepHaa pa^HajibHaa ceraa 
c N r = 500 h pa3MepoM £ max = 25, pa^nyc KOMnjieKCHoro cKeftjiHHra £ sc = 22.5, yroji 
KOMnjieKCHoro cKefljiHHra 8 SC = 30°, cKopocTb pacmnpeHHa ceTKH doo = 0.01. Mo^ejinpoBa- 
jiacb sbojhohhh BnjioTb ^;o BpeMeHH t max = 12800. J^jir ^pyrnx MHHieHefi: HcnojiB30BajiHCb 
HHbie napaMeTpti pa^niajibHOH ceTKH: N r = 500, £ max = 50, £ sc = 45, doo — 0.05 ^jih H ; 
N r = 1000, £ max = 50, £ sc = 40, doo = 0.05 fljiH He b B036yjK,n,eHHOM coctohhhh 1s2s 1 S h 
N r = 1400, ( max = 70, £ sc = 60, doo = 1/30 ^jih He b B036y>K^i;eHHOM coctohhhh 1s3s 1 S. 

HanajibHasi BOjmoBaa cpyHKHHH mhhichh <y2o(ii,r2), Heo6xo^HMaH b ( 1741) h HjieHe- 

HCTOHHHKe B PAlB, paCHHTblBajiaCb MeTO^OM sbojhohhh b mhhmom BpeMeHH [HQ I- 
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IIpHJiojKeHHe B: IIpou,e,zi,ypa HHTerpHpoBaHHH npn bmhhcjiohhh BToporo 6opHOB- 
CKoro onepaTopa BOsGy^c^eHHa 



B jiaGopaTopHofi cncTeMe KoopflimaT c Oz||kj mojkho 3anncaTB 



it? — pj expuqr) 

X(k,.K:r) = I ^ <b dSl. |K " ql .,..„ ' . fBl) 



Mm 3aMeHHjin nepeMeHHyio HHTerpnpoBaHns: k Ha q, noTOMy hto npn stom yrjioBaa 3a- 
bhchmoctb b l/|q| 2 npona,n;aeT. CHanajia CBe,n;eM btot HHTerpaji k cyMMe Gojiee npocTBix 



HHTerpajiOB c noMomBio P^yx xopoino H3BecTHBix pa3Jio>KeHHH 



60J 



exp(iqr) ~ ^ ^(<? r )( 2 ^ + l)P(cosqr), (B2) 



11 



|K-q| 2 2Kq i{) 



-1 Imax / TV"2 1 2 \ 



r^e 



A I 

47T 



P;(cosnn') = _ - YaOA)YUO'A')- (B4) 

m=— / 



HHTerpnpoBaHHe no a3iiMyTajiBHOMy yrjiy g TpiiBnajiBHO . HHTerpnpoBaHne no 9„ BBinoji 



60], hto 



HaeTCH c npnMeHeHneM Toxc^ecTBa rjik npoH3Be^;eHHH ccpepnnecKnx rapMOHHK 

npHBO^HT K 

Pi(x') _ dx = I ~2Qi(x) - inPtx), x E [-1, 1]; 



i x '- x + ie ( -2Qj(x), x>l, 

rpe Pi(x) — nojiHHOM JleacaH^pa, Qi(x) — cpyHKnna JleacaH^pa BToporo pofla, onpe,n;ejieHHas: 
Ha HHTepBajie x E [— 1, 00) n y^oBjieTBopaionjaa cooTHonieHHio Qo(x) = | In |, = 
xQot^) ~ 1) QK^) = i^ x Qi-i( x ) ~~ HrQj-2 0&)- HHTerpnpoBaHne no q 3aTeM npon3BOflHTca 
HHCJI6HHO, c noMomBio KBa^paTypHBix cpopMyji, y hhtmb aionpix Hajinnne jiorapncpMnnecKHx 



CHHryjiapHOCTeii no^BiHTerpajibHoro BBipaJKeHna b Tonxax q a ^ = k{ =F \/kf — 2(E t — ~Ej). 
Jlfla q > qb no^BiHTerpajibHoe BBipaxceHne GbicTpo CTpeMHTCH k Hyjno. 3to no3BOJiaeT nc- 
nojiB30BaTB KOH6HHBIH BepxHHH npe,n;eji HHTerpnpoBaHna q max = 2fcj. 
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IIpHMoe npHMeH6Hne pa3Jio>KeHHa (1B3|) npe^cTaBjiaeT ^onojiHHTejibHyio TpynHOCTb, Tax 
Kax He rapaHTiipyeT cxo^hmocth BHeoGojioneHHOH nacTH HHTerpajia X c poctom l max , n< > 
CKOJibKy BbipaaceHHe (1B3|) HMeeT ocoGeHHocTH Ha ccpepe q = K fljia jno6oro KOHenHoro 

HHCJia l m ax- Hto6m H36e>KaTb 3Ty TpyHHOCTb , MU HCnOJIB30BajIH pa3Jio>KeHHe 



1 



1 



i n 2 



2(K-q) 



|K-q| 2 K 2 + q 2 - 2(K • q) K 2 + q 2 [ K 2 + q 2 

KOTopoe He HMeeT ocoGeHHocTeft fljia K > 0. 3to 3KBHBajieHTHo 3aMeHe Qi(x) b (1B3I) ero 
pa3Jio>KeHHeM b KOHenHBift pa,n 

.r 







[If 



[x 



(2n + 0! 



n=0 



(2n)!!(2n + 2Z + l)!!x 



2n+Z ' 



(B6) 



IIpH TaKOM no^xo^ 



e paccHHTaHHoe 3HaneHHe (1B1|) mohotohho cxo^htch c poctom l max . Bo 



Bcex pacneTax b |5j Hcnojib30BajiHCB napaMeTpbi l r , 



99 H £rnax 3. 
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